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Foreword

T

his new Science Framework for California Public Schools:
Kindergarten Through Grade Twelve supports the goals of the
California Next Generation Science Standards (CA NGSS). Much

like recent curriculum frameworks in other subject areas, this framework
includes an emphasis on student inquiry. The classroom teacher serves as
a facilitator to help students investigate scientific phenomena and principles
of engineering through experiments and other activities that foster critical
thinking. The framework provides guidance to educators on how to address
the standards through the use of classroom snapshots, descriptive lesson
vignettes, and examples of engineering-based projects.
Building upon the CA NGSS presents a new approach to the teaching
of science in California public schools. The new standards seek to actively
engage students through a number of instructional shifts. The CA NGSS are
organized around performance expectations for students, each of which
reflects three dimensions of science learning: Science and Engineering
Practices, Disciplinary Core Ideas, and Crosscutting Concepts. The content
and skills within the standards build on students’ existing experiences and
interests to help them investigate and solve real-world problems.
California’s science framework includes multiple options for the
implementation of the CA NGSS in middle and high school. In middle school,
the framework presents two models: a preferred integrated model that
interweaves the various science disciplines, and a discipline-specific model
that focuses on a particular discipline of science at each grade level. Both
models cover the same performance expectations for middle school, differing
only in how grade-level sequence of content is presented. The framework
outlines a three-course model and a four-course model for high school
science. Here, too, both models cover all of the performance expectations in
the CA NGSS for high school, but the different models give districts flexibility
in the implementation of their instructional programs.
This framework also includes strategies to help teachers ensure that
their students become proficient in the content and skills outlined in the
CA NGSS. It is designed to meet the needs of California’s diverse student
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population, and it provides extensive support for English learners, students with disabilities,
and students with special needs. The framework emphasizes the importance of supporting
girls’ interest in science, technology, engineering, and mathematics fields. Other chapters
cover guidelines for professional learning that support high-quality instruction, examples
on how to use formative assessment to guide instruction, and instructional strategies for
implementing the CA NGSS and twenty-first-century skills in California classrooms.
California’s latest science framework will help students to become the leaders in science
and technology that our globalized economy and pluralistic society demand. So many of
the challenges we face today—from the changing global climate and strains upon our
environment to the social implications of rapid technological change—are intertwined with
science. By enabling students to become scientifically literate and technologically proficient
learners, this framework will prepare students for their role as engaged citizens in our
twenty-first-century democracy.

TOM TORLAKSON
State Superintendent of Public Instruction

vi

MICHAEL W. KIRST
President, California State Board of Education
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State Board of Education Policy on the
Teaching of Natural Sciences
The domain of the natural sciences is the natural world. Science is limited
by its tools—observable facts and testable hypotheses.
Discussions of any scientific fact, hypothesis, or theory related to the
origins of the universe, the Earth, and life (the how) are appropriate to the
science curriculum. Discussions of divine creation, ultimate purposes, or
ultimate causes (the why) are appropriate to the history–social science and
English–language arts curricula.
Nothing in science or in any other field of knowledge shall be taught
dogmatically. Dogma is a system of beliefs that is not subject to scientific
test and refutation. Compelling belief is inconsistent with the goal of
education; the goal is to encourage understanding.
To be fully informed citizens, students do not have to accept everything
that is taught in the natural science curriculum, but they do have to
understand the major strands of scientific thought, including its methods,
facts, hypotheses, theories, and laws.
A scientific fact is an understanding based on confirmable observations
and is subject to test and rejection. A scientific hypothesis is an attempt
to frame a question as a testable proposition. A scientific theory is a logical
construct based on facts and hypotheses that organizes and explains a range
of natural phenomena. Scientific theories are constantly subject to testing, modification, and refutation as new evidence and new ideas emerge.
Because scientific theories have predictive capabilities, they essentially guide
further investigations.
From time to time natural science teachers are asked to teach content
that does not meet the criteria of scientific fact, hypothesis, and theory
as these terms are used in natural science and as defined in this policy.
As a matter of principle, science teachers are professionally bound to
limit their teaching to science and should resist pressure to do otherwise.
Administrators should support teachers in this regard.
Philosophical and religious beliefs are based, at least in part, on faith
and are not subject to scientific test and refutation. Such beliefs should
be discussed in the social science and language arts curricula. The Board’s
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State Board of Education Policy on the Teaching of Natural Sciences
position has been stated in the History–Social Science Framework (adopted by the Board).1
If a student should raise a question in a natural science class that the teacher determines
is outside the domain of science, the teacher should treat the question with respect. The
teacher should explain why the question is outside the domain of natural science and
encourage the student to discuss the question further with his or her family and clergy.
Neither the California nor the United States Constitution requires that time be given
in the curriculum to religious views in order to accommodate those who object to certain
material presented or activities conducted in science classes. It may be unconstitutional to
grant time for that reason.
Nothing in the California Education Code allows students (or their parents or guardians)
to excuse their class attendance on the basis of disagreements with the curriculum, except
as specified for (1) any class in which human reproductive organs and their functions and
process are described, illustrated, or discussed; and (2) an education project involving
the harmful or destructive use of animals. (See California Education Code Section 51550
and Chapter 2.3 of Part 19 commencing with Section 32255.) However, the United States
Constitution guarantees the free exercise of religion, and local governing boards and school
districts are encouraged to develop statements, such as this one on policy, that recognize
and respect that freedom in the teaching of science. Ultimately, students should be made
aware of the difference between understanding, which is the goal of education, and
subscribing to ideas.
Note: This policy statement on the teaching of natural sciences, which was adopted by the

State Board of Education in 1989, supersedes the State Board’s 1972 Antidogmatism Policy.

1. History–Social Science Framework for California Public Schools (Updated edition with content standards). Sacramento:
California Department of Education, 2001.
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Introduction

T

he goal of the California Next Generation Science Standards (CA NGSS)
is to prepare California students to be future citizens and future
scientists, which leads to a specific vision about science education:

Learning science depends not only on the accumulation of
facts and concepts but also on the development of an identity
as a competent learner of science with motivation and interest
to learn more. … Such identity formation is valuable not
only for the small number of students who, over the course
of a lifetime, will come to view themselves as scientists or
engineers, but also for the great majority of students who do
not follow these professional paths. Science learning in school
leads to citizens with the confidence, ability, and inclination to
continue learning about issues, scientific and otherwise, that
affect their lives and communities. (National Research Council
[NRC] 2012a, Chapter 11)
Achieving this vision for all California students requires that they build
toward science mastery through repeated opportunities for meaningful,
engaging, and successful learning experiences. To provide those experiences,
the CA NGSS lays out a coherent progression for K–12 science based on
accumulated research about science learning. Science is more than a
disconnected sequence of facts—it requires understanding of the process
of science, the fundamental ideas within each discipline of science, and
certain underlying themes that are common to all the sciences. A Framework
for K–12 Science Education (NRC Framework) identifies these components
as three dimensions: 1) science and engineering practices (SEPs) ,
2) disciplinary core ideas (DCIs) , and 3) crosscutting concepts (CCCs) .
Figure 1.1 highlights how students must integrate these dimensions to
understand them and solve problems to make the world better.
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Figure 1.1. The CA NGSS Logo Illustrates the Three Dimensions of Science.
Science and
Engineering
Practices (SEPs)

Behaviors that scientists engage in as they
investigate and build models and theories
about the natural world and the key set
of engineering practices that engineers
use as they design and build models and
systems.

Disciplinary
Core Ideas
(DCIs)

Key organizing concepts, problem solving
tools, or underlying principles of a
discipline.

Crosscutting
Concepts (CCCs)

Underlying themes that have value in all
disciplines of science.

Source: NGSS Lead States 2013a

Students achieve the vision of the CA NGSS when they live up to the statement placed
at the beginning of the list of standards: “Students who demonstrate understanding can…”
This statement requires that students know more than how to select the right answer.
Instead, students are able to support their answer through the science and engineering
practices or to apply their knowledge through those practices to new problem situations. To
help students meet these expectations, progressive and coherent integration of the three
dimensions of science learning needs to occur throughout curriculum design, instruction,
and assessment of students (figure 1.2).
This chapter explains the three dimensions of learning from the NRC Framework and
justifies the importance of teaching and learning science as a three-dimensional process.
Figure 1.2. Chapters in this Framework Describe How Effective Implementation of the
CA NGSS Requires Many Elements

Diagram by M. d’Alessio
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What is Three-Dimensional Science Learning?
Scientists have long recognized that building scientific knowledge is a multi-dimensional
process. French philosopher Poincaré described this process by saying, “Science is built up
with facts, as a house is with stones. But a collection of facts is no more a science than a
heap of stones is a house (Poincaré 1905, 140–159). While all analogies have limitations,
Poincaré’s house analogy can be extended to illustrate the three dimensions of science
learning in the CA NGSS (figure 1.3).
Figure 1.3. Building a House as an Analogy for Three-Dimensional Learning
Crosscutting
Concepts
Scientific and
Engineering
Practices

Disciplinary
Core Ideas

Diagram by M. Simani

Disciplinary core ideas (DCIs) are represented by planks and other building materials;
students must be able to build upon their existing knowledge by connecting new ideas
to this foundation. The science and engineering practices (SEPs) are the tools (hammer,
saw, measuring tape, etc.) needed to build the structure and the skills needed to use them
effectively. Finally, the crosscutting concepts (CCCs) are the common elements shared by all
structures that influence their design and construction. The builder relies on a vision, mental
model, or concept of structures in general and multiple aspects of how they work in order
to interpret the house blueprint plans, choose and use the materials appropriately, and do
the work of building the house appropriately and efficiently. For example, builders recognize
patterns in the way walls are constructed using horizontal and vertical support structures,
are mindful about interactions between different subsystems in the home such as electrical
2016 California Science Framework
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and plumbing, and consider the scale of the project when deciding what equipment to
use. These unconscious habits of mind might allow a builder to recognize an error in an
architect’s drawing in much the same way that the CCCs allow scientists to conduct inquiry
effectively. Without all three sets of components—building materials, building practices, and
general concepts about homes—builders cannot construct a usable and durable structure.
Any part of the building activity requires using all three components in their distinct but
equally critical roles.
California’s 1998 Science Standards emphasized the building materials, the DCIs. Clearly
one cannot build a house without materials, but like Poincaré’s pile of stones, these are
not enough. The NRC Framework and the NRC report Taking Science to School (NRC
2007) present research that shows that the knowledge structure of scientists is highly
developed and interconnected; it includes not just scientific facts and theories, but also the
connections between them and the contexts in which they are useful. Relating this expertise
in science to the analogy of a master builder, different tools and different building practices
are needed at different stages of the building process or when using different materials. The
builder who has experience with a variety of different buildings develops expertise to know
which tools and practices are most useful in various contexts, and to select them flexibly
and appropriately when faced with a new problem. Students must gain access to not just
building materials (the established ideas of science described in the DCIs), but they must
also learn to use the tools of the SEPs and the skills needed to carry these practices out
effectively. Further they need the CCCs to selectively make connections between ideas and
thus develop a comprehensive and interconnected knowledge structure.
The CA NGSS are explicitly organized around both the tools (SEPs) and the overarching
principles (CCCs) of science because of the overwhelming research on learning showing the
importance of organizational structures for helping students progress to become experts.
The benefit is not just theoretical: standards based on unifying ideas are common in other
countries that produce significant scientific innovations and score highly on international
benchmark tests (Achieve 2010). Students who develop a perception of science knowledge
similar to that of scientists are more likely to persist in science learning and to study more
science. To build such a conceptual structure of science knowledge, students need to
develop capacity with all three dimensions of science learning.
The teacher’s role is to provide students with the materials (DCIs), the tools and how to
use them (SEPs) and the vision of interconnectedness (CCCs). Over multiple years, students’
knowledge structures will need to be improved and even rebuilt as their experiences linking
all three dimensions of the CA NGSS lead to a more realistic understanding of the work that
scientists and engineers accomplish (table 1.1).
6
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Table 1.1. The Three Dimensions of the CA NGSS
Science and
Engineering Practices

Disciplinary Core Ideas

Crosscutting Concepts

SEP-1. Asking Questions
and Defining Problems

Physical Science
PS1: Matter and Its Interactions

CCC-1. Patterns

SEP-2. Developing and
Using Models

PS2: Motion and Stability: Forces
and Interactions

SEP-3. Planning
and Carrying Out
Investigations

PS3: Energy

SEP-4. Analyzing and
Interpreting Data
SEP-5. Using Mathematics
and Computational
Thinking
SEP-6. Constructing
Explanations (for science)
and Designing Solutions
(for engineering)
SEP-7. Engaging in
Argument from Evidence
SEP-8. Obtaining,
Evaluating, and
Communicating
Information

PS4: Waves and Their Applications
in Technologies for Information
Transfer
Life Science
LS1: From Molecules to Organisms:
Structures and Processes
LS2: Ecosystems: Interactions
Energy, and Dynamics
LS3: Heredity: Inheritance and
Variation of Traits

CCC-2. Cause and
Effect: Mechanism and
Explanation
CCC-3. Scale, Proportion,
and Quantity
CCC-4. Systems and
System Models
CCC-5. Energy and
Matter: Flows, Cycles,
and Conservation
CCC-6. Structure and
Function
CCC-7. Stability and
Change

LS4: Biological Evolution:
Unity and Diversity
Earth and Space Science
ESS1: Earth’s Place in the Universe
ESS2: Earth’s Systems
ESS3: Earth and Human Activity
Engineering, Technology, and
Applications of Science
ETS1: Engineering Design
ETS2: Links Among Engineering,
Technology, Science, and Society

Teachers need to both monitor student progress using three-dimensional classroom
assessments and provide students opportunities to explicitly reflect on their understanding
of the relationship between these three dimensions. Through this process, students will
master core ideas in science and also understand how that knowledge has been acquired
and how they can apply it to new situations.
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Key Instructional Shifts for the CA NGSS
When teachers integrate all three dimensions of the CA NGSS, their classrooms look
different. Table 1.2 shows a few examples of how the actions of both teachers and
students change. These shifts occur because the CA NGSS instruction has the following
characteristics:
•

Three dimensional. Students engage in scientific inquiry of phenomena using all three
dimensions of the CA NGSS.

•

Coherent across the curriculum. Learning builds upon itself from year to year and
science integrates with other parts of the curriculum.

•

Relevant to local communities and student interests. Content and skills build on
students’ existing experience to learn about and solve real-world problems.

Both the NRC Framework and the CA NGSS highlight a vision for student learning
centered on the development of practices and knowledge that will transfer beyond the
classroom and beyond formal K–12 schooling. In particular, the aim is to prepare all
students graduating from high school to be critical consumers of information and capable
problem-solvers and to engage in public discussion using evidence-based argumentation
across a broad range of topics.
Transferable and deeper learning opportunities for students supported by instructional
practices create a positive and engaged community both inside and outside of the
classroom. In these contexts, students develop content knowledge while also assessing the
development of their own communication, collaboration, and self-direction, also known as
twenty-first-century skills. The explicit link between the CA NGSS and twenty-first-century
education will be discussed at the end of this chapter.
Table 1.2. Instructional Shifts Required by the CA NGSS

8

MORE OF THIS…

LESS OF THIS…

Students engage in the CA NGSS practices
to build deeper understanding of science
and engineering content and make sense of
phenomena and design solutions.

Students study the meaning of science
content that teachers explain to them.
Students memorize definitions and rote
procedures.

Students develop models of systems within
the natural world and use them to explain
phenomena or solve problems.

Teachers present models that describe
phenomena in the natural world.
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MORE OF THIS…

LESS OF THIS…

Students learn science as an iterative, dynamic,
creative, and collaborative process similar to how
real scientists and engineers do their work.

Students learn science as a collection
of facts and learn that these facts were
found using a singular and linear “scientific method,” disconnected from how real
scientists and engineers do their work.

Practices provide students with relevant, realworld learning in which they must investigate and
problem-solve using critical thinking.

Students learn to conduct investigations
following step-by-step instructions.

Students build science and engineering
understanding using a variety of practices in
investigations, experiments, and project-based
experiences.

Student use one practice per
investigation/experiment.

Science content and science practice are
integrated.

Science content and practices are taught
in isolation.

Student reasoning and argumentation play a
central role in understanding labs and text.

Student thinking is limited by a
“cookbook” approach to lab experiences
and problems or end-of-the-chapter
questions and test experiences.

Science and engineering notebooks reflect student thinking using the science and engineering
practices to understand content and show development and revision of student’s scientific models.

Science notebooks reflect only students’
ability to take notes or copy teacher
models.

Engineering is integrated into all science disciplines.

Engineering is treated as an add-on.

Engaging in science and engineering practices
allows students to revise their thinking and
understanding.

The science process is just something to
learn/apply and “be done.”

Crosscutting concepts build deeper and connected understanding of science as a whole.

No connection is developed among
science content.

Connection of the practices to the goals of literacy
in science (purposeful reading, writing, speaking,
and listening to strengthen science understanding)
is fostered.

Reading and writing are disconnected
from the purpose of learning.

Student-to-student discourse is productive,
using practices to explain phenomenon or solve
problems.

Student-to-student discourse is limited
due to activities that provide only one
exact outcome.

Teacher questioning prompts and facilitates
students’ discourse and thinking.

Teacher questions students to seek a
confirmatory right answer.

2016 California Science Framework
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Phenomena-Driven Three-Dimensional Learning
A fundamental principle in the CA NGSS is that students must use the three dimensions
to understand specific phenomena, and that phenomena drive science learning. The word
phenomenon (plural phenomena) in science means any observable event that occurs in a
natural or a designed system. A ball bouncing is just as much a phenomenon as is a volcano
erupting. CA NGSS instruction begins by introducing phenomena, and lessons progress as
students apply each of the three dimensions to understand and explain the phenomena. In
the process, students add to their library of what they know (DCIs), extend their ability to
do science (SEPs), and broaden their way of thinking (CCCs).
Students are not expected to fully explain phenomena in a single class session or even
a single grade level—this may be a major shift for many students. Students are, however,
expected to make progress towards understanding a phenomenon by authentically
engaging all three dimensions of science. Progress in science includes everything from
recognizing a pattern [CCC-1] and asking a new question [SEP-1] to developing a
sophisticated model [SEP-2] that explains [SEP-6] a phenomenon and successfully
predicts new ones. Even when students do explain a phenomenon at one level of
sophistication, they often revisit the same phenomenon at a later grade level and are then
able to explain it at a deeper level.
Students grapple with a particular phenomenon in different ways during instruction.
Some phenomena are rich and complex enough that they can motivate learning for an entire
instructional unit. These anchoring phenomena inspire students to ask questions [SEP-1]
and motivate more detailed investigation [SEP-3] . They also serve as a platform for
reflecting on learning as students revisit an anchoring phenomenon throughout instruction
and apply their new understanding. Other phenomena are simpler and focus investigation
[SEP-3] for individual activities (investigative phenomena). Observable phenomena

sometimes introduce a specific problem that motivates specific engineering solutions
(investigative problems). While all phenomena ideally should be relevant to students’ lives,
cultures, and experiences, sometimes instruction draws attention to specific events that occur
in everyday life (e.g., smells traveling across the room.). Students may not directly investigate
these everyday phenomena, but they can ask questions about them or apply their scientific
understanding to explaining them. In some senses, the distinction between anchor,
investigative, and everyday phenomena is subjective and relates to the scale [CCC-3] of the
phenomena within the lesson and within students’ experience. Students apply the three
dimensions of the CA NGSS to all phenomena, regardless of their scale or role in instruction.
Students need first-hand experience with phenomena (either through connections to
10
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their everyday life or hands-on engagement) before they can explain them. A textbook that
states a scientific principle and then provides an example phenomenon is not honoring the
importance of having phenomena motivate scientific inquiry. “It is the phenomenon plus the
student-generated questions about the phenomenon that guides the learning and teaching”
(Achieve 2016).

Coherent Instruction Across the Curriculum
The CA NGSS was designed as a coherent instructional sequence with clear and focused
learning goals that build in a developmentally appropriate progression and with appropriate
connections to learning goals in other subject areas. Coherence requires careful planning
and communication among teachers in different subject areas at the same grade level, as
well as across science disciplines and grade levels. Coherence is an important principle for
the effective implementation of the CA NGSS. For this reason, teachers need access to welldesigned curricular materials, as well as time to work with other teachers to understand their
part in the multi-year development of a DCI, application of a CCC, or the progression of SEPs.
Developmental Progression in All Three Dimensions. The CA NGSS requires a
shift from the perception that the core ideas introduced at each grade level are separate
entities. Instead, students at each grade level must build on and connect their new learning
to what they have learned previously. Topics are addressed multiple times because students
develop the capacity to investigate phenomena that are more abstract as they learn and
grow through the years (table 1.3). This revisitation of phenomena, referred to as spiraling
upward, causes students to delve into core ideas multiple times, adding layers of complexity
and refining conceptual models along the way. Students also advance their understanding
of SEPs and CCCs, gaining richer understandings of each. The CA NGSS define the level of
understanding expected at each grade span for every aspect of the three dimensions (See
appendix 1 of this framework). One consequence of this interconnectedness is that the
omission of any one of the three dimensions at lower grades can severely impact students’
later achievement. It is therefore important that science be taught consistently at all grade
levels to all students; this requires investment by both teachers and administrators.
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Table 1.3. A Developmental Progression of Student Thinking
INCREASING SOPHISTICATION OF STUDENT THINKING
K–2

3–5

6–8

9–12

Focus on visible
phenomena with which
students are likely to
have some experience
in their everyday lives
or in the classroom.

Explore macroscopic
phenomena more
deeply, including
modeling processes
and systems that
are not visible.

Move to microscopic
phenomena and
introduce atoms,
molecules, and cells.

Move to the subatomic
level and to the consideration of complex
interactions within and
among systems at all
scales.

Source: NRC 2012a, 303

In addition to these vertical connections across grade levels, students must also connect
ideas horizontally (within their grade level) across disciplines, as they approach a single
phenomenon from the different perspectives of those disciplines.
For example, students investigating ecosystems should integrate life science ideas about
food webs with physical science concepts about chemical energy and energy transfer and
Earth science principles that affect climate and other environmental factors in the ecosystem.
Integration of Science and Engineering Concepts Into Other Disciplines. The
SEPs reflect the full range of the scientific enterprise. To use the SEPs to learn and do
science and engineering, students must listen, speak, read, write, use mathematics, and
think critically and creatively. There are therefore great opportunities for a coherent,
integrated curriculum. The Venn diagram presented in figure 1.4 highlights the interplay
and synergy between the CA NGSS and the California Common Core State Standards in
Mathematics (CA CCSSM) and English Language Arts and Literacy in History/Social Studies,
Science, and Technical Subjects (CA CCSS for ELA/Literacy). Teachers can use these
synergies to develop science lessons and activities that support literacy and language or
mathematical reasoning as well as lessons in those subjects that support science learning.
California’s English language arts/English language development, mathematics, and history–
social science frameworks provide instructional strategies that develop students’ language
proficiency, literacy, and mathematics skills in ways that support learning in science and
engineering. These synergies offer opportunities for teachers at all grades to design crosscurricular lessons built on a science theme.

12

Chapter 1

2016 California Science Framework

Overview of the California Next Generation Science Standards
Figure 1.4. Relationships and Convergences Among Mathematics (MP 1–8), Science
(SEP 1–8), and ELA (EP 1–7) Practices

Math
MP1. Make sense of
problems and persevere in
solving them
MP2. Reason abstractly and
quantitatively
MP6. Attend to precision
MP7. Look for and make use
of structure
MP8. Look for and
express regularity
in repeated
reasoning

Science

SP2. Develop
and use models
MP4. Model with
mathematics
SP5. Use mathematics and
computational thinking

SP1. Ask questions and
define problems
SP3. Plan and carry out
investigations

EP1. Support analysis of a range
of grade-level complex texts with
evidence

SP4. Analyze and interpret
data
SP6. Construct explanations
and design solutions

SP8.
MP3 and EP3. Construct viable
Obtain,
and valid arguments from
evaluate,
EP7. Use
evidence and critique reasoning and communitechnology
of others
cate information
and digital
SP7. Engage in argument EP2. Produce clear
media strategifrom evidence
and coherent writing
cally and capably
in which the developMP5. Use appropriate
ment, organization, and
tools strategically
style are appropriate to task,
purpose, and audience

EP4. Build and present knowledge through research by integrating,
comparing, and synthesizing ideas from text
EP5. Build upon the ideas of others and articulate their
own clearly when working collaboratively
EP6. Use English structures to communicate
context specific messages

ELA
Source: Cheuk 2013

Learning Relevant to Student Experience and Community Needs
An overarching goal of the CA NGSS is that “all students have some appreciation of the
beauty and wonder of science; possess sufficient knowledge of science and engineering to
engage in public discussions on related issues; . . . and have the skills to enter careers of
their choice . . . ” (NRC 2012a, 1). Students are more likely to meet this goal when science
instruction centers on the interests and needs of students and communities, as well as the
contributions of scientists and engineers that reflect California’s diverse population.
Engineering and Technology in the CA NGSS. Human society has progressed
beyond the time when simply learning about the natural world was a sufficient goal for
science education. Today, the scale of our natural resource needs and impacts requires
that our citizens be active problem solvers. To accomplish this goal, the CA NGSS require
the major shift to explicitly include engineering and technology in the standards and
instruction. Scientists and engineers share similar practices but their products are different.
The engineering process is “a systematic practice of design to achieve solutions to particular
2016 California Science Framework
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human problems” (NRC 2012a, 11). Students must engage in this design process at
all levels of K–12 instruction. A section at the end of this chapter illustrates the role of
engineering and technology in CA NGSS curriculum.
Explicit Focus on Environmental Principles and Concepts. A direct understanding
of the connections between humans and the natural world prepares students to address
the environmental challenges of today and of the future, to mitigate and prepare for natural
hazards, and to interact in a responsible and sustainable manner with the natural systems
that support all life. California has identified several critical understandings, called the
Environmental Principles and Concepts (EP&Cs; table 1.4), that every student in the state
should learn and be able to apply. The State Board of Education (SBE) officially adopted
the EP&Cs in 2004 and they are an important piece of the curricular expectations for all
California students. Teachers can introduce these EP&Cs through their many connections
with the three dimensions of the CA NGSS, and by focusing instruction on the environment
of their local community and the issues that it faces.
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Table 1.4. California’s Adopted Environmental Principles1
Principle I—People Depend on Natural Systems
The continuation and health of individual human lives and of human communities and
societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Concept a. The goods produced by natural systems are essential to human life and to the

functioning of our economies and cultures.
Concept b. The ecosystem services provided by natural systems are essential to human life

and to the functioning of our economies and cultures.
Concept c. The quality, quantity and reliability of the goods and ecosystem services provided

by natural systems are directly affected by the health of those systems.
Principle II—People Influence Natural Systems
The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems
are influenced by their relationships with human society.
Concept a. Direct and indirect changes to natural systems due to the growth of human

populations and their consumption rates influence the geographic extent, composition,
biological diversity, and viability of natural systems.
Concept b. Methods used to extract, harvest, transport and consume natural resources
influence the geographic extent, composition, biological diversity, and viability of natural
systems.
Concept c. The expansion and operation of human communities influences the geographic

extent, composition, biological diversity, and viability of natural systems.
Concept d. The legal, economic, and political systems that govern the use and management

of natural systems directly influence the geographic extent, composition, biological diversity,
and viability of natural systems.
Principle III—Natural Systems Change in Ways that People Benefit from and
Can Influence
Natural systems proceed through cycles that humans depend upon, benefit from, and can alter.
Concept a. Natural systems proceed through cycles and processes that are required for their

functioning.
Concept b. Human practices depend upon and benefit from the cycles and processes that

operate within natural systems.
Concept c. Human practices can alter the cycles and processes that operate within natural

systems.

1. The complete listing of California’s EP&Cs, including the detailed concepts, is provided in: California Education and the
Environment Initiative. 2016. California’s Environmental Principles and Concepts. http://www.cde.ca.gov/ci/sc/cf/ch1.asp#link1
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Principle IV—There are no Permanent or Impermeable Boundaries that Prevent
Matter from Flowing Between Systems
The exchange of matter between natural systems and human societies affects the long-term
functioning of both.
Concept a. The effects of human activities on natural systems are directly related to the

quantities of resources consumed and to the quantity and characteristics of the resulting
byproducts.
Concept b. The byproducts of human activity are not readily prevented from entering natural
systems and may be beneficial, neutral, or detrimental in their effect.
Concept c. The capacity of natural systems to adjust to human-caused alterations depends

on the nature of the system as well as the scope, scale, and duration of the activity and the
nature of its byproducts.
Principle V—Decisions Affecting Resources and Natural Systems are Complex and
Involve Many Factors
Decisions affecting resources and natural systems are based on a wide range of considerations
and decision-making processes.
Concept a. There is a spectrum of what is considered in making decisions about resources

and natural systems and how those factors influence decisions.
Concept b. The process of making decisions about resources and natural systems, and how

the assessment of social, economic, political, and environmental factors has changed over time.

Connecting to Student Experience. California cannot meet the goal of having “all
standards for all students” unless it recognizes the rich diversity of background experiences
each student brings to the classroom. Students are more likely to remain engaged in science
when students (1) share common experiences through direct investigation of phenomena in
the classroom; (2) address science phenomena relevant to their own lives; and (3) receive
appropriate support for language and skills development. Practices focused on communicating
science are an essential component of the CA NGSS, and shared experiences are an essential
entry point that give students something to talk about as they develop their language skills.
“Access and Equity,” chapter 10 in this framework, and appendix D of the CA NGSS describe
the types of support that benefit students with different backgrounds and learning needs to
ensure that all students have the opportunity for high-quality science learning.
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The Three Dimensions in Depth
Dimension 1: Science and Engineering Practices
Scientists and engineers need many skills to answer questions and solve problems.
There is no unique or linear scientific method and many of the most important scientific
discoveries in history did not follow the process conventionally portrayed in textbooks. Both
Darwin’s work on natural selection and Wegener’s work on plate motions never involved
testing of a theory-based hypothesis, but both developed a model they thought offered the
best explanation of their observational data. The link between smoking and cancer was not
established by conducting an experiment—rather it was determined by looking for a pattern
in a large data sample. Each scientist follows a different path, but they do draw upon a
common set of tools in different sequences. The eight SEPs capture the range of tools used
by scientists and engineers.
The NRC Framework (2012a) illustrates the activities of scientists and engineers by
an interconnected flow of practices that fall into three general categories: investigating,
developing explanations and solutions, and evaluating. Figure 1.5 is a graphical model of
how these practices work together. In the investigating panel on the left, scientists observe
phenomena in the real world and work on designing experiments, collecting, categorizing,
identifying patterns, and analyzing and interpreting their data. In the panel on the right,
scientists develop models about the observed phenomena, developing hypotheses and
constructing explanations, developing hypotheses, and constructing explanations, often
using mathematics to describe the world and make testable predictions. At the intersection
of investigation and developing explanations, scientists and students argue and critique,
evaluating the validity and reliability of their data, contrasting their data with their
theoretical predictions, and identifying flaws both in their own and others’ ideas.
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Figure 1.5. The Scientific and Engineering Enterprise Represented as an Interconnected
Flow of Practices within a Social Community
Investigating

Evaluating

The Real World

Observing
Experimenting
Measuring
Testing

Developing Explanations
& Solutions

Theories & Models

Argue
Critique
Evaluate

Creative thinking
Reasoning
Calculating
Planning

Formulate Hypotheses
Propose Solutions

Collecting Data
Test Solutions

Source: Reprinted with permission from NRC 2012a by the National Academy of Sciences, Courtesy
of the National Academies Press, Washington, D.C.

Critique and argument are central to the construction of knowledge (Ford 2008), and
evaluating arguments is a critical practice in science because it reveals flaws that prompt
scientists to rethink their existing understanding. Indeed, the history of science is a history
of uncovering error. Some particularly notable scientific ideas that have been replaced
throughout history include:
•

Ptolemy’s model of the Earth at the center of the universe

•

Pouchet’s conclusion that rotting food was the product of “spontaneous generation”

•

Lamarck’s conclusion that an animal would pass on acquired or learned traits to its
offspring

•

Hoyle’s model that the universe existed in a steady state.

All of these ideas were scientific at the time—they were supported by observational
evidence (often collected using modern experimental methodology) and self-consistent
theories. And yet, each was abandoned and replaced when flaws were discovered in the
initial evidence, or when further investigation found new evidence that could only be
explained by a different model. Many linear representations of the scientific method include
evaluation as a single step near the end of the process, but figure 1.5 illustrates the central
importance of critique and argument at every stage of the scientific enterprise.
While all scientists engage in all aspects of figure 1.5 to some degree, individual
scientists may focus on certain aspects. For example, some disciplines of science make a
large distinction between scientists who specialize in investigations (the left panel) and
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those who specialize in developing models (the right panel). These two specializations
must work together to evaluate one another’s work (central panel) such that the combined
sub-communities complete the full process of science. As individual scientists become more
specialized, there is greater need for effective communication to facilitate this collaboration.
Engineers engage in most of the same practices as scientists, but they generally work
towards solving a particular problem and developing design solutions that address the problem.
Like scientists, they employ practices from all parts of figure 1.5. They make observations in
the real world (left panel) to define the problem, propose solutions based on creative thinking
and planning (right panel), and test solutions in the real world (left panel). The competing
solutions are evaluated at all stages of the process based upon criteria that provide limits
or constraints imposed upon their approach (center panel). Much like scientists, they argue
and critique designs, but the end goal is not a refined idea but rather an improved solution.
One of the major instructional shifts of the CA NGSS is to engage students in more
elements of the complete scientific enterprise. When teachers examine figure 1.5, they can
ask themselves how much time students engage in each of the three panels. To aid that
process, writers of the NRC Framework further subdivided the behaviors of scientists and
engineers into individual practices. The notion of science as a set of practices has emerged
from the work of science historians, philosophers, cognitive scientists, and sociologists over
the last few decades (see for example, Passmore, Svoboda, and Giere 2014). The consensus
view in the NRC Framework is that there are eight practices common to all the sciences and
engineering that are relevant for K–12 education. These practices have been adopted as the
SEPs in the CA NGSS (table 1.5).
Table 1.5. CA NGSS Science and Engineering Practices (SEPs)
SEP #

SCIENCE AND ENGINEERING PRACTICE

SEP-1

Asking Questions and Defining Problems

SEP-2

Developing and Using Models

SEP-3

Planning and Carrying Out Investigations

SEP-4

Analyzing and Interpreting Data

SEP-5

Using Mathematics and Computational Thinking

SEP-6

Constructing Explanations (for science) and Designing Solutions (for engineering)

SEP-7

Engaging in Argument from Evidence

SEP-8

Obtaining, Evaluating, and Communicating Information

Each practice develops over the grades following the sequence in appendix 1 of this framework.
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Humans are born curious, and education helps formalize this curiosity about the natural
world into the process of science. Despite curiosity’s foundational role in scientific inquiry,
many classrooms provide few opportunities for students to express their curiosity by asking
questions (Engel 2011). Meanwhile, textbooks are full of explanations but rarely begin by
stating the question that led scientists to seek an answer (Ford 2006). Students need the time
and curricular space to ask questions, and the CA NGSS encourages this outcome by elevating
the act of asking questions to be co-equal to the other practices of science and engineering.
Questions are the engine that drives all scientific research and good research often
generates more new questions than answers. Asking questions and defining problems
[SEP-1] in the CA NGSS classroom serves two goals that parallel the role of questions

in scientific research: (1) to motivate students to explore, create, and innovate; and 2)
to guide further investigation and design solutions. While having teachers ask effective
questions is a good demonstration, this practice is not fully realized until students can
generate their own questions. When students ask questions, they activate their prior
knowledge, focus their learning efforts, and elaborate on their knowledge. In short, they
begin to drive the science learning process for themselves, pursuing questions that interest
them and ensuring that each investigation has personal value.
Expert scientists ask more questions that allow them to better plan and guide their
investigations than novice science students (Hackling and Garnett 1992). The CA NGSS
describe how students can advance along this developmental progression (appendix 1 of
this framework). They begin in kindergarten by asking questions about what they observe
and, by the end of high school, then progress to refining empirically testable questions. This
transformation occurs partly because students master the CCCs that describe the types of
things scientists think about. Each CCC can be related to generic questions that students
slowly add to their mental library of templates for productive questions: What patterns
[CCC-1] do I see in the data? What are the possible causes [CCC-2] ? Did I measure

the quantities [CCC-3] precisely enough? How are different components in the system
[CCC-4] exchanging energy [CCC-5] ? How well matched is this object’s structure to its
function [CCC-6] ? Are the changes [CCC-7] reversible? For example, as students revisit

forces and motion (PS2.A), questions evolve over the years: Why did the car stop? … What
force caused [CCC-2] the car to stop? … Where did the car’s energy [CCC-5] go? … How
much would the car’s speed change [CCC-7] if I reduced friction by adding oil to the axle?
When defining problems, engineers ask questions to discover the nature of problems,
the needs of people, and the constraints that affect how they can solve the problem. For
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example, a structural engineer might ask about how a building will be used in order to
determine how much the structure needs to carry, a bioengineer might ask which materials
are more suitable for the design of a prosthetic limb, or an environmental engineer might
ask if removing a dam will affect water quality downstream. Throughout the design and
testing process, engineers ask further questions about the performance of their solution and
how it can be improved.

SEP-2. Developing and Using Models
Models are analogs of objects or processes. They are more than just representations of
objects; they must be useful for predicting and explaining phenomena (table 1.6). Models can
be expressed in many different formats ranging from equations to three-dimensional objects.
Models in the CA NGSS almost always refer to models of systems [CCC-4] in that
they describe the components of a system and how they interact. The boundaries of the
system are evident by what features are included in the model and which are left out. The
components can be both concrete aspects (e.g., an object) as well as abstract aspects
(e.g., arrows showing the forces on an object). Models are especially useful when systems
are especially large (such as the interior of a volcano or the relationship between the Sun,
Moon, and Earth), too small to see directly (such as a cell, molecule, or atom), or outside
the scope of student observation (such as continental drift and orbits).
Table 1.6. Comparison of Representations and Models
A REPRESENTATION,
BUT NOT A MODEL

A MODEL THAT REPRESENTS A PHENOMENON

Toy car sitting on a table

Toy car placed in a wind tunnel to model drag between
the car and air.

A globe

A spinning globe and a flashlight to show how day and
night are related to Earth’s rotation.

A diagram of the cell with
parts labeled

A diagram of a cell with parts labeled and arrows
indicating how oxygen and other molecules move
through the parts of the cell during photosynthesis.

Student-developed models should be continually revised and made more sophisticated
over time. Students should be continuously developing and presenting their models,
in collaboration with other students, while engaged in the practices of science and
engineering. Models help make the thinking of students explicit, and this allows for continual
refinement of students’ mental models of how the world works, and the incorporation of
new observations and learning over time.
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Just as students need to read engaging literature to become better writers, students need
to see and dissect examples of models developed by others to become good modelers (see
table 1.7). Computer models are well suited for examination because they allow students
to visualize processes that they cannot directly observe and quickly perform investigations
to try things out—using results to refine their internal mental models. With training in
computer languages, students can “look under the hood” to see how computer models were
constructed and modify them as their understanding of the real-world system grows.
Table 1.7. Types of Models
MODEL TYPE

DESCRIPTION

EXAMPLE

Mental Models
Mental Models

A model of the way the world
works that an individual carries in
their mind; an internal construct.

A baseball player moves to catch a
ball based on a mental model that
predicts how the ball will travel.
Conceptual Models
A mental model that has been made explicit and conscious so it can be shared.
Outer Space

Sun

In: 340.4

Out: 339.8
greenhouse
effect
processes

Atmosphere

Earth System

Diagrams, concept maps,
animations, and maps are all
techniques for displaying systems
visually.

Surface

Pictorial
models

This diagram of Earth’s energy
balance uses arrows to indicate the
flow of energy between different
components of the Earth system.
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MODEL TYPE

DESCRIPTION

EXAMPLE

Physical
Models

Physical models can reproduce the
structure/shape and/or material
properties of objects (as in a clay
model of tectonic plates colliding or
a scale model of a bridge), or their
behavior (as when students act as
droplets of water and move around
the room as a model for the water
cycle).

A scale model of a bridge allows
students to compare different
structural shapes.
Mathematical
Models

Computer
Models

The variables in an equation
represent components of
an abstract system and the
relationships between the
components are expressed by the
mathematical symbols. Graphs
can also be used as mathematical
models because they are essentially
the graphical representations of the
underlying equations.

F=ma
The equation can be used to predict
how quickly an object will change
speeds when a force is applied.

Computers enable modeling of
systems that contain a large
number of components and/or
interactions, which are represented
by a complicated set of interrelated
mathematical equations.
A computer simulation includes all
the parts of a car and their material
properties. The computer uses
equations such as Newton’s laws to
calculate the movement of each part
during a collision. The color code
represents the force per unit area
calculated at every point on the car,
providing engineers more detail than
if they crashed a real car.
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MODEL TYPE

DESCRIPTION

EXAMPLE

Analogies

Analogies help students understand
relationships between objects and
are therefore models.
Analogies work well at conveying some ideas but can sometimes
spawn unintended misconceptions.
However, this feature is not unique
to analogies: all models are simplifications of complex phenomena
and therefore have limitations.

A bicycle chain is an analogy for an
electric circuit in that there is an
energy source and a load and that it
must be connected in order to work.

Sources: skeeze 2010, M. d’Alessio, Science Buddies 2015, Livermore Software Technology
Corporation 2017, British Energy n.d..

Modeling follows a developmental progression. Students start with simple physical and
pictorial representations. Even at a young age, students begin to focus on the key features
of the object or system of objects that are important for describing a particular phenomenon.
They quickly add representations of tangible behaviors like arrows representing the
direction of movement or of a push or pull. At higher grades, models become more abstract,
multifaceted, dynamic, and reliant on mathematics and computational thinking.
A single phenomenon can be represented by a wide range of conceptual models, as
evident from the ideal gas model in chemistry. Students can use the analogy of gases as tiny
spheres that collide with one another, transferring energy like billiard balls. Students can use
their bodies to represent individual molecules and bounce off one another, which is a simple
physical model of the system. Representing these interactions mathematically, scientists can
derive a mathematical model that results in the simple equation PV=nRT. A computer model
programmed to simulate thousands of gas molecules governed by physical laws provides
students with an experimental testbed (test environment with controlled conditions) where
students make predictions and investigate what happens when they change the volume of the
gas’s container or heat it. By using and modifying computer models, students play the role of
theorist and experimentalist, ask questions, and make discoveries that are new to science.
Engineers use models throughout the design process. As they plan design solutions, they
make diagrammatic representations of systems, such as blueprints or circuit diagrams. They
use three-dimensional scale models and computer simulations to test the properties of a
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proposed design solution. They employ mathematical models to determine the appropriate
materials and even to calculate the likelihood that their design will fail.
Engaging students in modeling not only develops student understanding of the concepts
of science, it is also a form of meta-knowledge about the nature of science. When students
construct models, they can understand that the goal of science is not to construct a picture
that accurately depicts every aspect of nature, but rather a map which captures the most
important features that explain the phenomena of interest. They must focus their attention
on key aspects of the system and the variables that are relevant to that process, while
de-emphasizing details which are less relevant at that moment but may be reconsidered
later. Providing opportunities for students to examine, develop, and use models may be a
new aspect of science teaching for many teachers. In fact, teachers have been teaching
students to use models without always introducing that term. The major shift of the CA
NGSS is to move from internal mental models to models that students can share, discuss,
critique, and refine (known as conceptual models). Table 1.8 shows more details about how
teachers can achieve this big picture shift. As students make their own thinking visible and
explicit by developing their own models, they will better understand scientists’ models and
the reasons why scientists engage in such practice. Just like scientists, they must revise and
adapt their model when they encounter a situation that cannot be explained by applying
their existing model. This process of the explicit revision of a model supports the conceptual
change needed to incorporate the new knowledge and be able to apply it in new contexts.
Table 1.8. Shifts to Focus the CA NGSS Modeling Practice
MORE OF THIS…

LESS OF THIS…

Generating models to convey concepts

Pictures to show

Drawing of models to illustrate function

Labeling parts of a diagram to name
structures without discussing their function

Simulations with variables that students can
manipulate

Demonstrating a process or showing a video
of a process without an opportunity to discuss
details or investigate and predict behavior

Decoding, understanding, testing, and
refining models made by others

Running simulations on models as black
boxes without extension or adaptation

Identifying the abstractions, limitations, and
assumptions made in models

Using models without attempting to
understand the abstractions, limitations,
and assumptions made

Using dynamic models that “act like” the
system modeled and show change over time

Using static models that only “look like” the
system being modeled
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SEP-3. Planning and Carrying Out Investigations
Science cannot proceed without direct observations collected through investigations
in laboratories, in the field, or on a computer. While many students picture scientists in
white lab coats, investigations are not synonymous with experiments. Data can be the
product of experiments during which scientists set up a specific controlled situation or of
direct observations during which scientists examine phenomena as they occur within the
natural world. Such direct observations are required in many fields such as Earth and space
science and life science because it is simply not possible to recreate all the conditions of an
ecosystem, a galaxy, or Earth’s history over the last 4.6 billion years. Investigations using
computer models are particularly powerful because it is easy to explore a vast number of
possible scenarios—rather than setting up a single experiment, computers can calculate
hundreds of variations. Students in the CA NGSS classroom should experience all these
forms of investigation.
The inclusion of planning investigations represents a shift for many classrooms, but is
an essential part of SEP-3. The planning stage is a bridge to the questions that originally
motivated students’ inquiry. The questions strongly dictate the type of data collected, how
precise the data need to be, how much data to collect, and which tools to use.
As students plan and conduct investigations, they should be able to do the following:
•

Collect data, including both quantitative measurements with specific units and
qualitative observations.

•

Assess and minimize uncertainty by repeating and averaging measurements. Apply
the concept of variables to design controlled experiments that record the effects of
independent variables on dependent variables. Recognize which variables can be fixed
or controlled and which cannot.

•

Represent data using tables, graphs, and charts.

•

Decide whether a question can be tested by an experiment or requires field
observations.

•

Decide if a computer model will work better than experimentation in the real world
(phenomena that are too dangerous, too expensive, too time consuming, etc.).

Another goal of having students engage in investigation and reflect upon their
experience is to deepen their understanding of its role in science. To make these
connections more powerful, investigations should be rooted in real-world data or
experiences and not limited to tabletop experiments.
Engineers also plan and carry out investigations but with a different purpose than
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scientists. The engineer investigates in order to obtain data and information to define the
design problem. For example, before engineers can build a bridge they must investigate
the river and the surrounding landscape to determine potential hazards or construction
challenges. Engineers might investigate the properties of different materials in order
to choose the most appropriate ones for their specific situation. Engineers perform
investigations using computer models to rapidly test a variety of possible solutions. Once
engineers have created a solution, they perform experiments to test its effectiveness.

SEP-4. Analyzing and Interpreting Data
Observations in nature, experimental inquiry in the laboratory, and running simulations
on the computer all produce data. The purpose of science, however, is not to produce data,
but to answer questions. Scientists and engineers employ analysis and interpretation to see
if their data can answer their questions. While engineers often deal with different types of
data than scientists, they share many of the same analysis and interpretation tools.
Data analysis is the process of getting data ready for interpretation. It includes organizing
and presenting the data so that patterns are revealed. Interpretation will make meaning
of those patterns. The first stage of analysis is to ensure that the data are reliable. Did we
make an error collecting the data? Do all the observations reflect the true physical process
being investigated? Errors can be random (such as small variations in measurement due to
imprecise tools or small variations in the object itself), or systematic (for example a mistake
in calibration of a measurement instrument, bugs in the computer code underlying the
simulation, or bias in the data made available for others to interpret). A common solution
to minimizing error is to collect as many observations as possible and to average them.
Calculating averages and other statistical analysis are the next stages of data analysis. The
final stage of analysis is presenting the data in a usable form, often as graphs and data tables.
Data interpretation is where scientists begin to get answers to their questions.
They recognize trends and patterns in the data and use these to infer cause and effect
relationships. Despite all this work, data sets cannot always provide a definitive answer.
Insufficient and ambiguous data sets are probably the norm in science rather than the
exception, and students need to experience these situations in the classroom so that they
do not come away thinking that science is about finding the carefully cultivated “right
answer.” The scenario below (figure 1.6) shows students confronting realistic data where
multiple interpretations are possible.
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Figure 1.6. Investigating Data and Multiple Interpretations
Some students are investigating whether there is a pattern between a person’s pulse rate and
the number of breaths they take. The scatter graph for their results is shown below.
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Different students tried to describe the pattern in the graph, each making one of the following
statements:
a.
b.
c.
d.

One student had the most breaths and she also had the highest pulse rate.
All the people with a high breath rate had a high pulse rate.
The higher your breathing rate, the greater the pulse rate.
On the whole, people with a higher breath rate had a higher pulse rate.

Which student’s claim is the best interpretation of the data and why?
Source: M. d’Alessio

In the example above, choice a, while correct, does not incorporate the data set as a
whole. Choices b, c, and d are all generally correct because they identify the correlation
between breath and pulse rates across the entire data set. Choice d is the most appropriate
because the qualification “on the whole” acknowledges that the correlation is not 100 percent.
This either indicates that there are random measurement errors or that other factors affect
heart rate independently from breathing rate. Now students have both a general answer to
their original question, but also a new question about what the other factors might be.

SEP-5. Using Mathematical and Computational Thinking
All modern fields of science and engineering are increasingly reliant on mathematical,
computational, and statistical techniques. Mathematical thinking includes mathematical
deduction, statistical techniques, and spatial thinking. Scientists often rely on statistical
techniques to determine the characteristics of a data set, make inferences based on samples,
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and justify that the relationships they have identified could not have occurred by chance.
Mathematical deduction can be used in mathematical models to generate quantitative
predictions. The related practice of computational thinking is the human ability to formulate
problems so that their solutions can be represented as computational steps or algorithms
(Wing 2006). Scientists and engineers use these algorithms when developing computer
simulations to represent real-world phenomena. Mathematics and computational thinking are
not external to the scientific and engineering enterprise; they are intrinsic to its practice.
Mathematics is a tool for communication that functions as one of the languages
of science and engineering. Numerical representation of quantities is the basis of all
measurement in science. Representing data numerically and statistically allows students
to determine and communicate the level of confidence or uncertainty in a stated result.
The symbolic representation of variables allows scientists and engineers to concisely
communicate their systems models. Graphical representations are the most common forms
of communicating the findings of investigations.
Computational thinking embodies one of the most useful skills in science and engineering:
the ability to break a large problem down into smaller pieces. A computer program solves
each piece independently. Scientists and engineers benefit from this aspect of computational
thinking when they try to describe systems [CCC-4] . They identify individual components of
the system (abstraction), determining how the components behave independently, and then
designing an architecture that allows the objects to interact. These behaviors can then be
encoded in executable computer code (automation of algorithms) and analyzed to determine
if the abstractions made were valid and the encoding of algorithms was correct (analysis).
The level of mathematical thinking applied in the science classroom should parallel
the learning of new mathematical skills and practices expected by the CA CCSSM. In the
primary grades students can calculate the difference between two measurements to find
out how much a plant has grown and to make a graph of measurements collected over
time to represent that same idea. As students begin to measure various quantities they will
need to discuss and use a variety of units of measure. Starting in upper elementary grades,
students encounter and discuss quantities in their scientific investigations that involve
more than one type of unit of measure, such as speed as distance traveled divided by time
taken, or density as mass per unit of volume. Graphical representations of data, and the
recognition of linear relationships in the graphs of distance traveled versus time elapsed for
an object moving at a constant speed, or for mass versus volume for objects made from a
given substance, can help students grasp the new concepts. With appropriate support and
discussion, the mathematical representation becomes a tool for developing the scientific
2016 California Science Framework
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idea and the scientific idea serves as a motivation for learning the mathematical skill. By
high school, students will use and interpret a greater variety of graphical representations,
algebraic relationships and basic statistical representations of results.
Computational thinking is likewise developed progressively across the grades as students
develop algorithms for automating computation and for describing behaviors of components
in computer models. The learning progressions in the CA NGSS (appendix 1 of this
framework) do not specify any computational thinking benchmarks for grades K–5. At the
middle grades level, students can implement simple algorithms for repeated calculations.
For example, students with a data table with columns for the mass and volume of many
samples can calculate the density of each sample in a third column. Once they understand
that this is a repeated operation, they can either continue to carry it out over and over
again or code the calculation algorithm into a spreadsheet or other coding language (e.g.,
C++, Python, etc.). Students in the middle grades should be able to use digital tools to
analyze large data sets, which often include such repeated calculations. Understanding
computational processes and how computers are programmed to carry out tasks is also
essential in interpreting, using, creating, and modifying computer simulations at the upper
secondary level. In high school, modeling and simulation tools (e.g., StarLogo, NetLogo,
Agentsheets, etc.) can greatly facilitate the development of models of complex systems.
These tools can be introduced using a developmentally appropriate sequence of “UseModify-Create.” Students first use pre-existing computer models to run experiments. Over
time they begin to modify the models with increasing levels of sophistication. For example,
a student may initially want to change the color of a data point in a model result. Later the
student may want to change some small aspect of the model’s behavior that requires
modifying an algorithm. As students gain skills and confidence, they develop new
computational projects of their own design. Within this “create” stage, all three key aspects
of computational thinking: abstraction, automation and analysis, come into play.
Mathematics and computational thinking are also essential to engineers. For example,
mathematical inequalities can specify design constraints more precisely than words (e.g.,
“must weigh less than x” instead of “should not be too heavy”). Like systems in science,
computers can represent individual objects or components that are pieces of a design
solution. Computer tools such as simplified computer-assisted design programs (e.g.,
Tinkercad, SOLIDWORKS, etc.) or simplified simulation builders (e.g., NetLogo, PowerSim,
Scratch, etc.) can greatly facilitate the iterative design process for students at the high school
level. The ability to use and code such tools can extend students’ capability to develop design
solutions. In earlier grades, students can use simple tools such as drop and drag drawing tools
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to create visual representations or simple robotics kits where computational thinking allows
students to create instructions that allow their robot to achieve specific engineering goals.

SEP-6. Constructing Explanations and Designing Solutions
A key shift in the CA NGSS is that it is not enough for students to know scientific
explanations—they must be able to construct them. Students will still learn accepted
scientific concepts and terminology, but only as they seek information and words to develop
their own models and explanations of phenomena.
A major goal of science is to learn about the way the world works: Why do we look like
our biological parents? Why is the sky blue? or How did the universe begin? To answer such
questions, scientists develop explanatory accounts of specific phenomena. Explanations
describe specific cause and effect [CCC-2] mechanisms that account for observations.
Explanations are based on accepted understanding about how the world behaves and are
therefore reliant on models. In fact, an explanation articulates in words or pictures the specific
sequence within a model that explains a phenomenon. A valid explanation must be consistent
with all the observations and data. In some cases, several different explanations might exist
to explain a given phenomenon. In such cases, scientists engage in the related practice
of argumentation [SEP-7] to decide which of the proposed explanations is most accurate.
How do students learn to construct explanations? At the earliest levels, students describe
their observations of sequences of events, or “evidence-based accounts of phenomena”
(e.g., “first I saw this, then I saw this happen…”). They then associate cause and effect
mechanisms with those sequences, using their observations as evidence to justify why they
think a particular mechanism is involved. They learn to evaluate explanations for consistency
with particular pieces of evidence. By the middle grades and high school, students are able
to consider mechanisms that are more abstract (such as atomic interactions) and use more
sophisticated data interpretation as evidence to support explanations. This sequence largely
parallels the developmental progression for models because explanations draw so heavily
on models. Like models, explanations must be consistently expanded upon and revised
as students gain greater understanding. Recognizing the information that is relevant and
useful, asking questions, seeking additional information, and assembling scientific facts into
a coherent explanation is a demanding task but, nevertheless, the kind of task that students
should experience rather than solely being told.
Engineers also use the practice of constructing explanations, particularly when they
are trying to describe why a design solution failed. Examples include engineering disasters
such as the collapse of the Tacoma Narrows Bridge in 1940, the Challenger space shuttle
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disaster of the 1980s, or, more recently, the concerns about the structural integrity of the
bolts on the new San Francisco-Oakland Bay Bridge. Each of these failures is a specific set
of phenomena that needed to be explained in order to generate a new solution.
Engineering’s main focus is not explanation, but rather proposing solutions to human
problems. Examples include how to build a self-driving car, how to provide clean water,
or how to generate electricity more efficiently. Unlike in science, there is never one best
solution; instead there are multiple solutions that engineers evaluate using criteria different
from those used by scientists. Even when a certain engineering design does solve a
particular problem, there will still be questions and trade offs about cost, aesthetics, client
satisfaction, and safety. Deciding which of several possible designs best satisfies the criteria
and constraints may lead engineers to merge features of several of the original designs (the
process of design optimization). Because engineering considers both objective and subjective
criteria when selecting final designs, different solutions may be genuinely preferred by
different individuals. This may be a shift for science teachers who have long stressed
the importance of objectivity in science. When science encounters two radically different
explanations of a phenomenon, at least one of them must be incorrect (meaning it does not
accurately describe what caused a phenomenon), but that is not true in engineering.

SEP-7. Engaging in Argument from Evidence
There is no such thing as scientific proof, and even what are termed “laws” in science are
just arguments that are extremely well supported by evidence. Engaging in argument means
supporting or refuting a claim using evidence and reasoning. Argument is essential to all
aspects of the scientific enterprise illustrated in figure 1.5. Scientists engage in arguments
to decide between different experimental designs, alternative models or explanations, or
contested interpretations of a data set. When students engage in scientific arguments in the
classroom, they experience authentic science practice and develop strong critical thinking skills.
Argument is an essential and shared concept in the CA CCSS for ELA/Literacy and the
CA NGSS. These subjects share the need to differentiate between a claim (for which one
can provide a supporting argument) and an opinion, (which is simply a matter of personal
judgment). All subject areas also share similar norms of respectful and inclusive classroom
discourse that teachers must establish and support. However, subject areas differ in what
counts as evidence and the nature of the reasoning used. Students need to explicitly discuss
what is common in the structure of argument across all subject areas, but also what is specific
to each subject area, particularly in science. Science arguments iteratively build up models,
theories, and explanations (figure 1.7). During part of this process, scientists use models as
evidence to make predictions about what data will look like (a form of claim). At other times,
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the model is the claim itself, supported by evidence from the data. These two directions of
reasoning connect during data analysis [SEP-4] as scientists compare the claim generated
by a model with patterns in the data in order to make a revised claim about a refined model.
Figure 1.7. Relationship Between Data and Models in Scientific Arguments

evidence

claim
Prediction about data

Model, Theory,
or Explanation

Patterns in data

claim

evidence

Data and models can both be used as claims and evidence, depending upon which SEPs are
employed. Diagram by M. Chiara Simani

Knowing why an idea is wrong is as helpful to learning science as knowing why an
answer is right (Osborne 2010). Students recognize both when they engage in argument
(Guzetti et al. 1993; Mercer et al. 2004; Zohar and Nemet 2002). Teachers support the
argument with effective pedagogy (Ogborn et al. 1996), which includes valuing the process
over the outcome. When students support their claims using the available evidence, they
sometimes reach conclusions that differ from the scientifically accepted explanation.
Teachers can enthusiastically cheer their students for using a reasoned argument and then
offer further evidence that refutes the students’ conclusion and develop another that is
closer to the accepted scientific one. In all cases, teachers need to set a climate where
all conclusions are subject to revision in the light of further evidence. In order to make
each revision a learning opportunity rather than a failure, teachers can prompt students to
examine the reason for the change rather than simply moving on.
Students develop the skill of argument over time. In the early elementary years, students
distinguish between opinion and evidence, practice presenting evidence, and recognize
when an explanation does and does not account for the available evidence. Students also
develop the capacity to listen. As they progress, they develop a more nuanced distinction
between facts, reasoned judgment, and speculation. They critique arguments, compare the
merits of competing arguments. They learn to anticipate the flaws in their own thinking
and develop and refute counterarguments. While they start with arguments about concrete
representations of the natural and built environments in elementary school, they construct
arguments over increasingly abstract models throughout their education.
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SEP-8. Obtaining, Evaluating, and Communicating Information
Science and engineering would be impossible without the foundational literacy skills
of reading, writing, speaking, and listening (Norris and Phillips 2003). When asked what
a scientist does, the majority of people describe scientists performing experiments, but
scientists actually spend a great deal of time reading, writing and talking about ideas
(Tenopir and King 2004). Scientists need to be able to communicate clearly with the public
to inform public policy. Science and engineering depend on literacy to learn from the work of
other scientists, design experiments, and communicate findings. These goals require specific
forms of disciplinary literacy for science that students must develop during their science
education. Reading a book about a scientist’s life or about a science-related topic is not
sufficient for developing literacy in science. While general literacy is the domain of language
arts, the specialized communication that supports the other SEPs is best understood when
embedded within the context of those other practices in science and engineering lessons.
The NRC Framework identifies several ways in which science communication is unique:
•

Science and engineering communications are “multimodal” (they use an
interconnected mix of words, diagrams, graphs, and mathematics).

•

Science and engineering frequently use unfamiliar and specialized words (jargon).
A single word, such as “deforestation,” can embody an entire process (including
the causes and effects). The NRC (2000, 133) and American Association for the
Advancement of Science (1993, 312) strongly discourage the overemphasis on jargon
and vocabulary in science education.

•

In science and engineering, the details matter. Students therefore need to pay
constant attention to every word when obtaining scientific or engineering information.

Students need support to understand and read technical scientific material, whether in
a textbook or a magazine article. They also need practice presenting their own ideas using
these tools.
Being able to read a science text is intertwined with evaluating science information.
Students need strategies to help them decide if information is scientifically valid or if it
is less reliable. Students should learn to investigate the scientific qualifications of the
authors or source of the knowledge (for example when comparing the conclusions of the
International Panel on Climate Change with a blog post or report by a political organization
that presents opposing conclusions). Students should also learn to seek and compare
multiple sources, asking what evidence each presents to support its claims. Anyone who
searches the Web for information about a medical condition will find multiple sources that
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often give conflicting information. By understanding how science works, students can look
for evidence of the other SEPs and are better equipped to evaluate scientific information.
The development of communications skills in science parallels the development of literacy
in general. Students obtain information from the simplest informational texts, then learn to
summarize them, then compare and combine multiple sources, and eventually integrate a
range of sources that include conflicting information. Students in early elementary engage
in multimodal science communication and learn the importance of using pictures to convey
information. As students progress, they examine how different forms of information
complement one another so that by the end of high school, they are able to construct their
own scientific accounts that integrate information visually, quantitatively, and verbally.

Dimension 2: Crosscutting Concepts
The crosscutting concepts cut across all the disciplines of science and engineering,
forging connections that can amplify understanding of the other two dimensions. Even
within a single discipline, the CCCs are valuable tools that help students select and use the
practices to understand phenomena. In order for them to play these roles, students must be
explicitly aware of them and experience them in multiple disciplinary contexts.

Historical Background and Global Context of the CCCs
While explicitly teaching the CCCs is new to California teachers, these concepts
have been a part of the science research education community since the early 1990s.
Project 2061 defines them as “common themes” (Project 2061 [American Association
for the Advancement of Science] 1989, Chapter 11). Analyzing the science standards
of ten countries that produce significant scientific innovations and have high scores on
international benchmark tests, Achieve (2010) concluded that, “Standards based around
unifying ideas for Primary through Lower Secondary seem to confer more benefits than
a discipline-based structure.” The authors of the NRC Framework recognized the value of
highlighting common themes in science when they designed the CCCs:
These concepts should become common and familiar touchstones across the
disciplines and grade levels. Explicit reference to the concepts, as well as
their emergence in multiple disciplinary contexts, can help students develop a
cumulative, coherent, and usable understanding of science and engineering.
(NRC 2012a)
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CCCs in Brief
The NRC Framework authors distilled the CCCs down to seven ideas with the highest
potential of helping students connect science learning across topics (table 1.9). When
educators describe these concepts with a common language that bridges across the
disciplines, students see how the wide variety of topics that they learn as science courses
are actually an interconnected web of scientific thinking.
Table 1.9. CA NGSS Crosscutting Concepts
CROSSCUTTING CONCEPTS
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CCC-1

Patterns

Observed patterns of forms and events guide organization
and classification, and they prompt questions about relationships and the factors that influence them.

CCC-2

Cause and Effect:
Mechanism and
Explanation

Events have causes, sometimes simple, sometimes
multifaceted. A major activity of science is investigating and
explaining causal relationships and the mechanisms by which
they are mediated. Such mechanisms can then be tested
across given contexts and used to predict and explain events
in new contexts.

CCC-3

Scale, Proportion,
and Quantity

In considering phenomena, it is critical to recognize what is
relevant at different measures of size, time, and energy and
to recognize how changes in scale, proportion, or quantity
affect a system’s structure or performance.

CCC-4

Systems and
System Models

Defining the system under study—specifying its boundaries
and making explicit a model of that system—provides tools
for understanding and testing ideas that are applicable
throughout science and engineering.

CCC-5

Energy and Matter:
Flows, Cycles, and
Conservation

Tracking fluxes of energy and matter into, out of, and within
systems helps one understand the systems’ possibilities and
limitations.

CCC-6

Structure and
Function

The way in which an object or living thing is shaped and its
substructure determine many of its properties and functions.

CCC-7

Stability and
Change

For natural and built systems alike, conditions of stability and
determinants of rates of change or evolution of a system are
critical elements of study.
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Appendix G of the CA NGSS describes several guiding principles for integrating the
crosscutting concepts into classroom instruction:
•

Crosscutting concepts can help students better understand core ideas in science and
engineering.

•

Crosscutting concepts can help students better understand science and engineering
practices.

•

Repetition in different contexts will be necessary to build familiarity.

•

Crosscutting concepts should grow in complexity and sophistication across the grades.

•

Crosscutting concepts can provide a common vocabulary for science and engineering.

•

Performance expectations focus on some but not all capabilities associated with a
crosscutting concept.

•

Crosscutting concepts are for all students.

•

Inclusion of the nature of science and engineering concepts.

A coherent curriculum should ensure that every one of the CCCs receives explicit
attention and is used often enough that students recognize it and are able to apply it for
themselves when presented with a new problem. Waiting until the moment of classroom
instruction runs the risk of slipping these important concepts into the background and not
allowing students to explicitly use them during problem solving. Hence the design of an
instructional segment (IS), or an extended curriculum plan should include the intentional
and explicit use of particular crosscutting concepts within each instructional segment. In
most cases, the relevant CCCs emerge naturally from the other two dimensions. Sometimes
CCCs are strongly associated with an SEP. For example, in order to be effective in the
practice of developing and using models [SEP-2] , teachers must plan instruction so that
students draw on their understanding of systems and system models [CCC-4] . Other CCCs
tie closely to specific DCIs. For example, PS3.B (Conservation of Energy) is the physical
science expression of the flow of energy and matter [CCC-5] . The grade-level chapters
in this framework investigate phenomena in a sequence of instructional segments that
build on earlier science learning. In each instructional segment, a handful of CCCs are most
useful for investigating the specific phenomena. Within a grade level, one or two CCCs often
recur throughout multiple instructional segments and become a thematic focus for the year.
Within every grade span (K–2, 3–5, 6–8, 9–12) all of the crosscutting concepts should be
explicitly addressed and each of them should be used in more than one disciplinary context.
The CCCs themselves work together to illustrate a key aspect of the nature of science.
Figure 1.8 is one possible illustration of the relationships and interactions between the CCCs.
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The observation of patterns induces students to search for a mechanism of the cause and
effect relationship that underlies those patterns. The crosscutting concept of Structure and
Function [CCC-6] can be thought of as a special case of Cause and Effect [CCC-2] , this

is why it is placed in the “Causality” group. The “System” group contains the crosscutting
concepts through which scientists and engineers can gain a better description and definition
of the system that they are trying to investigate, including tracking the movement of energy
and matter and quantifying them as they change.
Figure 1.8. How Do the Crosscutting Concepts Relate to One Another?

Patterns

Causality
Cause and Effect
Structure and Function

System
Systems and System Models
Scale, Proportion, and Quantity
Energy and Matter
Stability and Change

Diagram by M. d’Alessio

Using Crosscutting Concepts Through Framing Questions
Each crosscutting concept is a lens that allows students to look at a phenomenon or
a problem and ask questions that help them decide how to investigate further. Different
CCCs focus student attention on different aspects of the phenomenon and lead to different
questions. For example, reminding students that they should be attentive to the CCC
of energy and matter flow [CCC-5] during a chemical reaction should prompt them to ask,
“Where did the new solid come from when I mixed together the two liquids?” This question
leads them to design an investigation [SEP-3] to measure the mass before and after the
chemical reaction. For each crosscutting concept, teachers can formulate a short list of gradelevel appropriate questions. Students need to observe these questions repeatedly modeled
by the teacher, and eventually, they will systematically use them to investigate, model, and
explain on their own. Questions should be mindful of the developmental progression of each
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CCC (appendix 1 of this framework). While the root concept and template for a question
may be similar across disciplines, the exact questions may take distinct disciplinary forms.
For example, the questions that a biologist asks about relationships between structure and
function are very different from those of an engineer. However, both the biologist and the
engineer recognize the value of questions about such relationships. The sections below
introduce each CCC in detail along with specific questions relevant to each.

CCC-1. Patterns
•

What patterns (repeating cycles, spatial or shape features, relationships between
events or features) do I notice in this phenomenon or system?

•

What patterns do I notice after careful observation? Do any features emerge from the
observations that are interesting or need further study?

•

What questions do I have about these patterns? ( asking questions [SEP-1] )

•

What features of these patterns can I use to explain my system model(s)? How do I
need to modify or extend my model so that it reflects these patterns? ( developing
and using models [SEP-2] )

•

What further investigation or observation of the system would help to clarify these
patterns and their causes or implications? ( planning and carrying out investigations
[SEP-3] )

•

How can I organize and display my observations or data to highlight these patterns or
relationships? ( analyzing and interpreting data [SEP-4] )

•

How can I find a mathematical description or computational way to represent these
patterns? ( using mathematics and computational thinking [SEP-5] )

•

How can I explain the causes of these patterns, or use the patterns to explain
important aspects of the phenomenon or system? ( designing solutions [SEP-6] )

•

What patterns would I like my design to produce in the system? ( defining problems
[SEP-1] and designing solutions [SEP-6] )

•

How can I use these patterns as evidence to support my claims or reasoning
[SEP-7] about the system or phenomenon?

•

What information or tool can I obtain or use to interpret these patterns? How can
I best communicate my observations of these patterns to others? ( obtaining,
evaluating, and communicating information [SEP-8] )
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As students progress to more advanced levels, they recognize that some patterns are just
random occurrences in a complex system. They will eventually need to develop statistical
tools to determine how much they can trust the significance of a particular pattern.

CCC-2. Cause and Effect: Mechanism and Explanation
•

What relationships between events or what patterns in my observations might be
described as a cause and effect relationship? ( interpreting data [SEP-4] )

•

Which features of these relationships would I like to explain [SEP-6] ?

•

To what extent can my model [SEP-2] provide a mechanism (a physical connection or
process) to explain the relationship? What features does it fail to explain?

•

How can I design [SEP-6] the system to cause the desired effect?

It is not always possible to determine which is the cause and which is the effect at the
level of precision and scale at which the system is currently being observed. By high school,
students should recognize that not all correlations signify a cause-effect relationship. A
strong correlation does imply that the conditions or events are related, but they might be
the effects or outcomes of a different single causative factor.
This idea is illuminated on a massive scale by the historical medical example in which
several studies of post-menopausal women who were undergoing hormone replacement
therapy showed a lower-than-average incidence of coronary heart disease. This led doctors
to suggest hormone therapy as a protective mechanism against coronary problems and
millions of women began using the treatment. However, a subsequent re-analysis of data,
which expanded the range of variables involved in the studies, found that the women in
the studies undergoing hormone treatment were also more likely to have a better diet and
exercise regimens because of their socio-economic status. In other words, socio-economic
factors were the root cause of both the use of hormone treatment and the diet and exercise
patterns (Lawlor, Smith, and Ebrahim 2004).
In high school, students begin to study complex multi-component systems, where
feedback complicates the simple idea of cause and effect relationships. It is not possible to
directly predict the outcomes of a particular action or set of conditions within these systems.
Computer models can allow scientists to provide statistical estimates of the probability of
events by testing out a wide range of possible conditions. Examples of these processes
include weather forecasting, climate models, and earthquake hazard estimation.
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CCC-3. Scale, Proportion, and Quantity
•

What aspects of this system do we need to measure or quantify in order to describe it
more precisely? ( planning investigations [SEP-3] )

•

On what scale (i.e., with what units and to what precision) do we need to measure it?
( planning investigations [SEP-3] )

•

What do we need to control about the observed system as we make these
observations or measurements? ( planning investigations [SEP-3] )

•

What relationships between measurable quantities or between controlled conditions
and measured quantities do we observe? (In elementary grades these begin as
descriptive, by high school they include algebraic or geometric relationships [SEP-5]
and analyzing and interpreting data [SEP-4] )

•

How can I use a scale model to test my design? ( designing solutions [SEP-6] )

•

What ratio of model to final system is reasonable to build?

•

In calculating costs of materials, how do the amounts of the various materials needed
change as I change the length scale of the model or final designed object? ( designing
solutions [SEP-6] )

This CCC has three related sub-ideas. The concept of quantity is fundamentally related
to measuring and quantifying phenomena. Each measurement requires a unit of measure.
Proportions can relate to patterns [CCC-1] (i.e., “as the mass of the box increases, its force
also increases by the same amount”) and are a key tool in mathematical models [SEP-2] .
While the term scale can be used similarly to proportion (as in, “scale model” or “map scale”),
it also has another, less familiar meaning. Scale in science is a way of expressing the relative
size of something at the level of orders of magnitude and is often used to refer to the size of a
system (as in the “vast scale of the universe” or the “micro-scale of a cell”). Certain processes
are important at one scale but can safely be ignored at another. For example, students
calculating friction do not need to track the interactions of individual molecules of wood
as a block slides across a table. They are interested in the overall effect at a larger scale.
Similarly, scientists do not need to track the movement of every individual ant to understand
the overall flow of matter in an ecosystem. While the micro scale is part of the overall process in both cases, the scale of observation is not precise enough to notice the finer details.

CCC-4. Systems and System Models
•

What system or systems do we need to model [SEP-2] in order to explain this
phenomenon (develop this design)?
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•

What scale(s) within the system do we need these models [SEP-2] to describe and
represent?

•

How can we best choose to delineate the boundary of this system (what is included,
what is external)? ( developing models [SEP-2] )

•

What are the components or sub-systems of this system? ( developing models
[SEP-2] )

•

What are the roles of each component type, and the relationships and interactions
between them? ( developing models [SEP-2] )

•

What are the constraints that my designed system must satisfy? ( defining problems
[SEP-1] )

•

Is the system simple enough to be described in detail at the scale of interest or does
it have so many components (e.g., atoms in the atmosphere) that only some general
average properties can be specified? ( constructing explanations [SEP-6] )

•

How do the properties of the whole system emerge from the behavior of its
components, and how do they depend on external conditions? ( developing models
[SEP-2] )

•

What does the system tell us about the level of predictability of changes in the system
or its details? (For example we can predict the general shape of any species of tree,
and of its leaves, but not where each branch and leaf will form, why?) ( developing
models [SEP-2] )

Everything in the universe is ultimately connected to everything else, so the concept
of a system can be very useful for mentally carving out a small piece of that universe for
detailed investigation. By definition, a system has boundaries and the parts contained within
those boundaries are called components and they interact with one another. Energy and
matter can flow into and out of the system. When students develop models [SEP-2] , they
are making some sort of representation of the system that predicts the behavior both of
the internal components, and the way the system as a whole behaves. In many cases, the
overall behavior of the system is quite different depending on the way the system is put
together. For example, a bicycle is a great transportation tool, but would be useless if you
disassemble it and rearrange the pieces in a different order so that the wheels attach to the
seat instead of the axle.
Early grades can consider systems made of specific physical objects such as a car, a
bicycle, or an animal. The choice of the boundary of these simple systems is relatively
obvious, but it needs to be discussed in order to highlight flows of matter or of energy
into and out of the system. Even in these simple systems, the boundary of the system is
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somewhat arbitrary. For instance, is it most useful to define the system involving a bicycle
as the bicycle alone, or the bicycle plus the person riding it? The answer may depend upon
the scientific question being investigated. These are the types of questions students need to
engage with early on by explicit discussions of systems. Simply being given a definition of a
system as a “set of interacting components or parts” does not help to develop this concept.
Instead, students must model multiple systems to explain multiple phenomena.
Students should be able to articulate both the uses and limitations of system models,
especially those for systems with many components. Models for simple mechanical
systems with few components can be very predictive, but chemistry, life science, and
Earth science deal with systems that are much more complex. In these cases, models can
help us understand and predict general features of what will occur, but does not provide
all of the details. Even if the components are all relatively simple, (e.g., the atoms and
molecules in the atmosphere) the system can have many properties and exhibit collective
phenomena that are not predictable in detail. We cannot know enough about the conditions
of the system at any moment to make reliable predictions for its behavior, except possibly
for a limited time in the future, and even then we need very detailed and sophisticated
computational models. The further forward in time we project, the wider the range of
possible outcomes. For example, when predicting the path of a storm we can use its past
history and current position as well as knowledge of the surfaces it will pass over and their
current conditions (e.g., ocean temperatures) to make reliable estimates of where it will
be and how severe it will be the next day. But as we look further ahead, these estimates
become less and less definite.

CCC-5. Energy and Matter: Flows, Cycles, and Conservation
•

What matter flows into, out of, and within the system? What physical and chemical
changes occur during this phenomenon? ( developing models [SEP-2] )

•

What energy transfers occur into, out of, or within the system? What transformations
of energy are important to its operation? ( developing models [SEP-2] )

•

What are the needed inputs for the system to function? What are the desired outputs
of the system? ( defining problems [SEP-1] )

Matter cannot just disappear, so we say that it is conserved. The same is true with
the less tangible concept of energy. When matter or energy flows from one object to
another, it causes changes. Encouraging students to track the flow of these quantities
makes them more attentive to these changes and the mechanisms that cause them. Even
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at the elementary level, students can track matter flowing into and out of systems (e.g.,
Where does the system get the material it needs to function? What waste material does it
produce?). As students progress, their tracking can be more precise and quantitative and
they can track the flow of energy and matter through increasingly complex chains.
Energy is described quite differently in different sub-disciplines of science. For students
to see energy as a crosscutting concept, they need to explicitly discuss these differences
and the reasons they exist. A biology teacher might say that food contains energy. A
chemistry teacher might be more specific by saying that a fuel itself doesn’t contain energy,
but a combustion reaction releases energy when fuel reacts with oxygen. The difference
comes because there is usually plenty of oxygen available in ecosystems and so the
biologist can often ignore that part of the flow of matter. However, it is difficult for students
to connect the biologist’s usage to definitions of energy in chemistry or to connect energy
terms used in chemistry (e.g., bond energy) to those used in physics (e.g., kinetic energy,
potential energy, thermal energy) without the teachers helping them to do so by discussing
the connections and translations between these usages and terminologies.

CCC-6. Structure and Function
•

What particular shapes or structures are observed in this system at this scale?
( planning and conducting investigations [SEP-3] )

•

What roles do these structures play in the functioning of the system? ( developing
models [SEP-2] )

•

What differences in conditions relate to patterns of differences in structure or
appearance? ( analyzing data [SEP-4] )

•

What design features of appearance and structure are desired by the user of this
system? ( defining problems [SEP-1] )

•

What structures and properties of the components are important for the function of
this design? ( designing solutions [SEP-6] )

The term “structure and function” may be familiar to teachers from biology textbooks,
but the concept that there is a relationship between the shape or form of an object and the
behavior of that object applies to all disciplines of science and engineering. In chemistry,
the shape of molecules has a huge impact on their attractions to other molecules. In
Earth science, the shapes of layers in sedimentary rocks record the physical processes that
transported the material and the tectonic forces that deformed it. In physics, longer levers
provide more leverage. Mechanical engineering is devoted to arranging materials into shapes
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that perform certain functions. When students construct models of the relationships between
structure and function in one field, they can often apply them to another. For example,
when a car’s hood buckles during a crash, it creates similar structures to those created
when a mountain deforms during continental collision (figure 1.9). When students recognize
this similar structure/function relationship, they can apply the strategies and equations to
understand both systems. In fact, mechanical engineers and Earth scientists use the same
exact computer codes to solve problems in both systems. Mechanical engineers might even
get ideas for making better bumpers by observing the deformation in mountains!
Figure 1.9. Similar Structure/Function Relationships in Earth Science and Engineering

Cinedoku Vorarlberg 2009; National Highway Traffic Safety Administration 2016; Willett 1999;
Livermore Software Technology Corporation 2017

A relationship between structure and function is often a clue that there is a causal
relationship between the two. But which way does the mechanism go? Does structure
cause/enable function, or do functions/processes cause certain structures? The answer
is complicated and depends on the phenomena and discipline. An engineer designs a car
hood with a specific structure so that it will absorb energy in a crash (the desired function
caused the design of the structure), but once the hood begins to crumple, the forces
within the system change (the structure affects the processes/function). The same is true
in biology where a particular shape of a bird beak is well suited to a function of picking
up seeds (structure enables function), but the function of eating more may lead to further
changes in the beak shape over many generations by the mechanisms of natural selection
(structure enables function which leads to changes in structure again). While this feedback
is the result of intentional human design for a specific purpose in engineering, the structure/
function relationships in other disciplines are the direct outcome of natural processes.
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Students begin their developmental progression by focusing on just one tangible piece of
the cause and effect feedback, such as noticing how a particular bird beak shape helps the
bird meet its needs. Students expand their model of these mechanisms over the years to
include the feedbacks.

CCC-7. Stability and Change
•

What changes do I notice? How quickly is the change happening? ( analyzing data
[SEP-4] )

•

What can I investigate [SEP-3] more closely to recognize the cause of a change?

•

What flows of energy and matter allow this system to operate stably or cause it to
change? ( developing models [SEP-2] )

•

What changes in conditions would cause it to become unstable or to fail? ( developing
models [SEP-2] )

•

What feedback loops keep this system stable? What feedback loops destabilize it?
( developing models [SEP-2] )

•

How can I improve the stability of my design? ( designing solutions [SEP-6] )

Thinkers from Aristotle to Newton have been obsessed over what causes things to
change. Newton’s Law that an object in motion will stay in motion unless an unbalanced
force acts upon it is a mathematical way of expressing the idea that changes always have a
cause. This CCC reminds students to be attentive to changes and ask questions about what
causes them.
The concept of stability is related, but invites students to look more closely even
at systems that appear to be unchanging. A lake whose water level remains flat and
unchanging might be fed and drained by rivers so that the water that makes up the lake is
always changing. The lake is stable, but not static—an important distinction emphasized by
this CCC. For a ladder leaning on a wall the two concepts may be the same, but for many
systems like the lake, stability can be a more dynamic concept. The Moon’s orbit is stable
because it happens in a consistent cycle and is not visibly falling down, but the Moon is
certainly not static. Stability is always a balance between competing forces—the inflow and
outflow of water in the lake or gravity and inertia that keep the Moon in orbit. Things that
appear static on one time scale might change when viewed over a longer period because
their balance changes. The lake level that appears constant over a day might change with
the seasons as rain falls or evaporation dries it up. Even the Moon’s orbit is slowly decaying.
Students in elementary school start by characterizing simple changes, noticing that
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some systems appear to stay the same, some appear to change slowly, and some appear
to change quickly. By the middle grades, they begin to investigate phenomena that are
stable but not static and must confront this difference. By high school, explicit teaching of
this CCC reminds students to be attentive to minor changes that can have big effects in
systems that are in a delicate balance of stability (or dynamic equilibrium). They learn to
recognize feedback mechanisms that play a large role in keeping systems stable or rapidly
destabilizing them.

Dimension 3: Disciplinary Core Ideas
Disciplinary Core Ideas are not facts, but represent foundational knowledge that allow
students to continue their scientific learning beyond high school and to use the scientific
ideas to evaluate information and make informed decisions. The NRC Framework describes
the motivation for identifying DCIs:
The core ideas also can provide an organizational structure for the acquisition
of new knowledge. Understanding the core ideas and engaging in the scientific
and engineering practices helps to prepare students for broader understanding,
and deeper levels of scientific and engineering investigation, later on—in high
school, college, and beyond. One rationale for organizing content around core
ideas comes from studies comparing experts and novices in any field. Experts
understand the core principles and theoretical constructs of their field, and they
use them to make sense of new information or tackle novel problems. Novices,
in contrast, tend to hold disconnected and even contradictory bits of knowledge
as isolated facts and struggle to find a way to organize and integrate them.
The assumption, then, is that helping students learn the core ideas through
engaging in scientific and engineering practices will enable them to become
less like novices and more like experts. (NRC 2012a)
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The writers of the NRC Framework limited the number of core ideas based on the
reasoning that in-depth application of the SEPs and CCCs to fewer DCIs is better preparation
for future science success than broad and superficial exposure to more DCIs. The number of
these core ideas was further reduced during the final development of the NGSS performance
expectations (PEs) based on feedback from leading states (NGSS Lead States 2013b). Each
of the DCIs included in the CA NGSS meet at least two of these criteria:
1. Has broad importance across multiple science or engineering disciplines or be a key
organizing principle of a single discipline.
2. Provides a key tool for understanding or investigating more complex ideas and solving
problems.
3. Relates to the interests and life experiences of students or is connected to societal or
personal concerns that require scientific or technological knowledge.
4. Is developmentally appropriate over multiple grades at increasing levels of depth and
sophistication. That is, the idea can be made accessible to younger students but is
broad enough to sustain continued investigation over years.
DCIs are organized into four major domains: Physical Sciences; Life Sciences; Earth and
Space Sciences; and Engineering, Technology, and Application of Science. Each domain
contains three to four disciplinary core ideas, which are further subdivided into core
component ideas (table 1.10). The NRC Framework describes each DCI in detail.
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Table 1.10. Disciplinary Core Ideas of CA NGSS
DISCIPLINARY CORE IDEAS IN…
Physical Science

Life Science

Earth and Space Science

Engineering, Technology,
and Applications of
Science

PS1: Matter and
Interactions

LS1: From
Molecules to
Organisms:
Structures and
Processes

ESS1: Earth’s Place
in the Universe

ETS1: Engineering
Design

ESS1.A: The Universe
and Its Stars
ESS1.B: Earth and the
Solar System
ESS1.C: The History of
Planet Earth

ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing
Possible Solutions
ETS1.C: Optimizing the
Design Solution

PS1.A: Structure and
Properties of Matter
PS1.B: Chemical
Reactions
PS1.C: Nuclear
Processes

PS2: Motion and
Stability: Forces
and Interactions
PS2.A: Forces and
Motion
PS2.B: Types and
Interactions

PS3: Energy
PS3.A: Definitions of
Energy
PS3.B: Conservation
of Energy and Energy
Transfer
PS3.C: Relationship
Between Energy and
Forces
PS3.D: Energy in
Chemical Processes

PS4: Waves and
Their Applications
in Technologies
for Information
Transfer
PS4.A: Wave Properties
PS4.B: Electromagnetic
Radiation
PS4.C: Information
Technologies and
Instrumentation

LS1.A: Structure and
Function
LS1.B: Growth and
Development
LS1.C: Organization for
Matter and Energy Flow
in Organisms

LS2: Ecosystems:
Interactions,
Energy, and
Dynamics
LS2.A: Interdependent
Relationships in
Ecosystems
LS2.B: Cycles of Matter
and Energy Transfer in
Ecosystems
LS2.C: Ecosystem
Dynamics, Functioning,
and Resilience
LS2.D: Social
Interactions and Group
Behavior

LS3: Heredity:
Inheritance and
Variation of Traits
LS3.A: Inheritance
of Traits
LS3.B: Variation
of Traits

ESS2: Earth’s
Systems
ESS2.A: Earth’s
Materials and Systems
ESS2.B: Plate Tectonics
and Large-Scale System
Interactions
ESS2.C: The Roles of
Water in Earth’s Surface
Processes
ESS2.D: Weather and
Climate
ESS2.E: Biogeology

ESS3: Earth and
Human Activity

ETS2: Links Among
Engineering,
Technology,
Science, and
Society
ETS2.A:
Interdependence of
Science, Engineering,
and Technology
ETS2.B: Influence
of Engineering,
Technology, and
Science on Society and
the Natural World

ESS3.A: Natural
Resources
ESS3.B: Natural
Hazards
ESS3.C: Human
Impacts on Earth
Systems
ESS3.D: Global Climate
Change

LS4: Biological
Evolution: Unity
and Diversity
LS4.A: Evidence of
Common Ancestry and
Diversity
LS4.B: Natural Selection
LS4.C: Adaptation
LS4.D: Biodiversity and
Humans
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Students revisit each DCI multiple times as they advance through the grades, building
their knowledge in a developmental progression. The NRC Framework provides guidance
about the level of understanding that students should acquire by the end of grades two,
five, eight, and twelve.
Table 1.2 from earlier in this chapter describes the general pattern of these progressions
from concrete to abstract. These learning progressions reflect research-based cognitive
models of how learning of scientific ideas unfolds over time. In the earlier grades, the DCIs
are limited to only a few contexts and are simplistic in their application. As students progress,
they examine more abstract phenomena with more complex applications of the DCIs.
Figure 1.10 shows the progressions for three example DCIs: PS2.B (Types of Interactions),
ESS1.C (The history of planet Earth), and LS1.A (Structure and function of organisms).
Appendix 1 of this framework includes more detailed versions of all the progressions.
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The rock record resulting from
tectonic and other geoscience
processes as well as objects from
the solar system can provide
evidence of Earth’s early history
and the relative ages of major
geologic formations.
Systems of specialized cells
within organisms help perform
essential functions of life. Any
one system in an organism is
made up of numerous parts.
Feedback mechanisms maintain
an organism’s internal conditions
within certain limits and mediate
behaviors.

Rock strata and the
fossil record can be
used as evidence to
organize the relative
occurrence of major
historical events in
Earth’s history.
All living things are
made up of cells. In
organisms, cells work
together to form
tissues and organs
that are specialized
for particular body
functions.

Certain features on
Earth can be used
to order events that
have occurred in a
landscape.

Organisms have both
internal and external
macroscopic structures
that allow for growth,
survival, behavior, and
reproduction.

Some events on Earth
occur very quickly;
others can occur very
slowly.

All organisms have
external parts that they
use to perform daily
functions.

LS1.A
Structure and
function

The sub-atomic structural model
and interactions between electric
charges at the atomic scale can
be used to explain the structure and interactions of matter,
including chemical reactions and
nuclear processes. Repeating
patterns of the periodic table
reflect patterns of outer electrons. A stable molecule has
less energy than the same set
of atoms separated; one must
provide at least this energy to
take the molecule apart.

The fact that matter
is composed of atoms
and molecules can be
used to explain the
properties of substances, diversity of materials, states of matter,
phase changes, and
conservation of matter.

Because matter exists
as particles that are
too small to see, matter is always conserved
even if it seems to disappear. Measurements
of a variety of observable properties can be
used to identify particular materials.

Matter exists as
different substances
that have observable
different properties.
Different properties
are suited to different
purposes. Objects
can be built up from
smaller parts.

PS1.A
Structure of matter
(includes PS1.C
Nuclear Processes)

ESS1.C
The history of planet
Earth

9-12

6-8

3-5

K-2

Core Idea

INCREASING SOPHISTICATION OF STUDENT THINKING
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Figure 1.10. Examples of Progressions in the Disciplinary Core Ideas

Source: Reprinted with permission from NRC 2012a by the National Academy of Sciences, Courtesy
of the National Academies Press, Washington, D.C.
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Beyond the Three Dimensions
While the three dimensions are a major part of the CA NGSS, the standards are based
on principles that go beyond these three dimensions. Teachers must be mindful of these
other considerations, including principles of environmental literacy, engineering design, the
language demands in the CA NGSS, the integration of the CA ELD standards into math and
science, mathematics and computational thinking, the nature of science, and twenty-first
century skills. This section discusses each of these topics.

Environmental Principles and Concepts
Broadly defined, the environment is the context in which we live our lives. It includes
high-mountain meadows and cool, clear streams, the air we breathe, the water we drink,
and the soils in which we grow the food we eat. The environment also encompasses the
communities in which we live and all of the seen and unseen phenomena that comprise the
natural systems on which we rely. In this sense, the environment is fundamental to every
student’s experience and provides a uniquely engaging and authentic context in which to
approach science learning.
For many decades, California has been a national leader in educating students about the
environment, and now more than ever, the state recognizes that environmental literacy is
crucial to sustaining the economic and environmental well-being of all Californians. This is
embodied in the California Education Code and reflected in the educational mandates of many
state agencies. Environmental literacy means more than knowing environmental content; it also
encompasses civic engagement and community involvement in diverse settings. Going beyond
the walls of the classroom, environmental literacy can be developed through investigations
on campus, in the local community, on the schoolyard, at nature centers and outdoor
schools, as well as in the rich and diverse natural landscapes found throughout California.
Environmental literacy is championed by the California Department of Education, the
California Environmental Protection Agency, and the California Natural Resources Agency. It
is also fully embraced in a 2015 report prepared by a task force of the State Superintendent
of Public Instruction, A Blueprint for Environmental Literacy: Educating Every Student in,
about, and for the Environment. Strongly reinforcing the goal of environmental literacy
for all kindergarten through grade twelve students, the blueprint also advocates that all
teachers have the opportunity to use the environment as a relevant and engaging context
for teaching their core subjects, especially in science and history–social science.
To help fulfill this goal, the California State Board of Education (SBE) calls for the
Environmental Principles and Concepts (EP&Cs) to be included into relevant subject matter
frameworks, including science. California developed the EP&Cs in 2004 to reflect the fact
that people, as well as their cultures and societies, depend on Earth’s natural systems (see
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table 1.4 earlier in this chapter). The underlying goal of this work was to help students
understand the connections between people and the natural world so that they can better
assess the consequences of human activity. Every Californian needs to be ready to address
the environmental challenges of today and the future, take steps to reduce the impacts of
natural and anthropogenic (human-made) hazards, and act in a responsible and sustainable
manner. As a result, the EP&Cs have become an important piece of the curricular
expectations for all California students in science and other content areas.
Science, at its core, involves study of the living and nonliving components of
Earth’s natural systems, including the interactions among organisms, natural
systems, climate, and nonliving resources. These interactions are the driving
force behind the survival and evolution of all living things. With the world as their
laboratory, students have a chance to do authentic scientific research analyzing
interactions between natural and human social systems . . . Additionally, teachers
at all grade levels can use the environment as a context for, . . . vibrant,
living programs that engage students and teachers in active learning that has
meaning for their daily lives and for their futures. (Lieberman 2013 40, 202)
The EP&Cs provide a meaningful way to teach and amplify many of the ideas that are
already embedded in the CA NGSS. Appendix 2 of this framework presents diverse examples
of the connections that can be made between the EP&Cs and instruction in the three
dimensions of the CA NGSS. Table 1.11 shows two examples of this relationship.
Table 1.11. Examples of Instructional Connections Between the EP&Cs and the CA NGSS
EP&C

CA NGSS

Principle I

LS4.D: Biodiversity and Humans—Changes in
biodiversity can influence humans’ resources,
such as food, energy, and medicines, as well
as ecosystem services that humans rely on—
for example, water purification and recycling.

The continuation and health of individual
human lives and of human communities and
societies depend on the health of the natural
systems that provide essential goods and
ecosystem services.
Principle V
Decisions affecting resources and natural
systems are based on a wide range of
considerations and decision-making
processes.

2016 California Science Framework

ETS1.B: Developing Possible Solutions—
When evaluating solutions it is important
to take into account a range of constraints
including cost, safety, reliability and
aesthetics and to consider social, cultural
and environmental impacts.
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In addition to the EP&Cs, the SBE also approved 40 model curriculum units developed by
California’s Education and the Environment Initiative (EEI) that provide guidance about how
to teach the EP&Cs. These units are freely available at http://www.cde.ca.gov/ci/sc/cf/ch1.
asp#link2 and can be used effectively to support three-dimensional learning.

The Role of Engineering Design, Technology, and Application of Science
Engineering is a fundamental part of the CA NGSS from kindergarten through grade
twelve. It is both an independent domain with its own DCIs as well as a complement to
the other domains of science (table 1.12). Engineering also engages students with major
societal and environmental challenges they will face in the decades ahead and gives them
tools to design solutions to these problems.
Table 1.12. Disciplinary Core Ideas in Engineering
DISCIPLINARY CORE IDEAS IN ENGINEERING
Core Idea ETS1: Engineering Design
ETS1.A: Defining and Delimiting an Engineering Problem
ETS1.B: Developing Possible Solutions
ETS1.C: Optimizing the Design Solution
Core Idea ETS2: Links Among Engineering, Technology, Science, and Society
ETS2.A: Interdependence of Science, Engineering, and Technology
ETS2.B: Influence of Engineering, Technology, and Science on Society and the
Natural World

The Engineering Design Process (ETS1)
The ETS1 core ideas in engineering describe the principles of the engineering design
process (figure 1.11). While there are many ways to describe the process that engineers
use to solve problems, the three sub-ideas within ETS1 relate to three stages of the iterative
design process: Defining and Delimiting an Engineering Problem (ETS1.A), Developing
Solutions (ETS1.B), and Optimizing the Design Solution (ETS1.C). While there is an obvious
correlation for ETS1.A with defining problems [SEP-1] and ETS1.B with designing
solutions [SEP-6] , students should use a variety of practices within this iterative design

process. For example, structural engineers need to obtain information [SEP-8] about
the size of earthquakes in a region in order to determine the necessary strength of an
earthquake resistant structure (Defining and Delimiting the Engineering Problem, ETS1.A).
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Figure 1.11. The Engineering Design Process (ETS1)
Communicating
Information

Defining
Problems

Define Problem

Engaging in
Arguments from
Evidence

Specify constraints
and criteria for success

Obtaining
& Evaluating
Information

CA NGSS Engineering
Design Process

Develop solutions

Optimize
Improve based on results
of simple tests

Developing &
Using Models

Analyzing
& Interpreting
Data

Design and explore
multiple solutions

Mathematical
& computational
thinking

Planning &
Carrying out
Investigations

Engineering design is one way to utilize the SEPs. The ovals around the boxes indicate when each
SEP might be the emphasis during engineering design. Diagram by M. d’Alessio

Role of Engineering in Science and Society (ETS2)
Engineering is not just applied science. It is a separate endeavor that applies scientific
knowledge to design and implement solutions to real-world problems or needs. The
practices of engineering have much in common with the practices of science even though
they work towards different outcomes: explanations in science and solutions to problems
in engineering. An engineering investigation might compare the performance of two design
solutions while a science investigation seeks evidence of underlying mechanisms that
cause phenomena. The engineering investigation can stop when the engineer has enough
information to take a specific action while science investigations can and should lead to
new, more detailed questions that require further investigation.
Engineering, science, and technology are mutually supportive (ETS2.A). The NRC
Framework highlights this interdependence by saying:
New technologies expand the reach of science, allowing the study of realms
previously inaccessible to investigation; scientists depend on the work of
engineers to produce the instruments and computational tools they need
to conduct research. Engineers in turn depend on the work of scientists to
understand how different technologies work so they can be improved; scientific
discoveries are exploited to create new technologies in the first place.
(NRC 2012a, 203)
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Examples of these feedbacks occur throughout the history of science and continue today.
For example, the technological tool of the telescope grew out of the science of optics, and
then Galileo used the newly invented telescope to discover the moons of Jupiter.
One of the products of engineering is new technology. Many people have a misconception
that technology refers only to electronic devices such as computers and cellphones. While
these are indeed technologies, the term technology describes all of the ways that people have
modified the natural world to meet their needs. A metal plow or even a pencil is as much a
technology as the newest electronic gadget. All technology, new and old, has the capacity
to transform human capabilities and experiences. ETS2.B emphasizes the importance of
engineering to real-world problems and can be a major motivating factor for students.

When to Include Engineering in the Curriculum
Engineering is part of the performance expectations of the CA NGSS in two ways. A portion
of the performance expectations within the traditional science disciplines (LS, ESS, PS) require
students to apply engineering design to solve problems related to those disciplines. These
performance expectations are marked with an asterisk (*) throughout the CA NGSS and this
framework. The limited number of performance expectations with asterisks should not restrict
teachers from including engineering at other appropriate times. In fact, the performance
expectations in the ETS domain apply to each grade span rather than to each grade level
because they are designed to supplement both the performance expectations with the
asterisks and other engineering activities that teachers integrate into their instruction.
Appendixes I and J of the CA NGSS provide a more comprehensive review and summary
of the progression for the engineering design core idea (ETS1) and the links among
engineering, technology, science, and society, core idea (ETS2), respectively.

Language Demands in a Three-Dimensional Learning Environment
In the science classroom, every student is learning new academic language; attention to
issues of language development is critical for all students, not just for English learners (ELs).
The language demands are far broader than just definitions of vocabulary or reading about
science-related topics. These interpretive language tasks alone do not support linguistically
diverse students. Teachers should also provide students ongoing opportunities to engage in
scientific discourse. In the CA NGSS, language and literacy skills are necessary for students
to engage in the science and engineering practices, including collaboratively conducting
investigations and engaging in scientific discourse about the results. The English Language
Arts/English Language Development Framework for California Public Schools: Kindergarten
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Through Grade Twelve (CA ELA/ELD Framework) provides comprehensive guidelines to build
students’ proficiency in language and literacy across all the academic disciplines and in all
grades, kindergarten through grade 12, with particular attention to the needs of ELs.
In order to fully include ELs in science instruction, the California English Language
Development Standards (CA ELD Standards) should be used by all teachers of ELs, in
tandem with the CA NGSS and the CA CCSS for ELA/Literacy. In other words, all teachers
with ELs in their classrooms should use the grade-level CA NGSS as the focal standards for
content instruction, and they should also use the CA ELD Standards to ensure ELs are fully
supported to access rich content knowledge and develop academic English in science. The
CA ELA/ELD Framework uses the term integrated ELD to refer to ELD throughout the day
and across the disciplines and includes several snapshots that exemplify this integration.
All K–12 teachers who teach science to ELs should ensure that those students have
full access to a robust science curriculum. This can only be done through careful lesson
and instructional segment planning (using the CA ELD Standards), observation of what
students are doing and saying during science instruction, reflection on how ELs engage
with particular approaches to instruction, and necessary refinement of instruction based
on observation and reflection. Chapters 10 and 11 “Access and Equity” and “Instructional
Strategies” of this framework provide further discussion of developing literacy in speaking,
listening, reading, and writing for science learning by native speakers and ELs.

Integrating the CA ELD Standards into K–12 Mathematics and Science
Teaching and Learning
Assembly Bill 899 (October of 2013) required that the CA ELD Standards be comparable
in rigor and specificity to the CA CCSS for English Language Arts, the CA CCSS for
Mathematics, and the CA NGSS. To meet the requirements of this legislation and to ensure
clarity and support for educators, the CDE collaborated with WestEd and a state-appointed
panel of experts first to conduct a study and then to develop materials that “augment”
the CA ELD Standards in ways that support their use by teachers in the content areas of
mathematics and science.2 The resulting document, Integrating the CA ELD Standards into
K–12 Mathematics and Science Teaching and Learning, specifies these correspondences
and provides illustrative examples of the tandem implementation of the CA ELD Standards
with the CA NGSS and the CA CCSSM. This “augmentation document” is a supplementary

2. The term “augment” is used because no reason was found to alter the CA ELD Standards as they are currently written; it was
determined to be valuable to augment them with materials that illustrate more explicitly the connection of the ELD Standards to
the language demands found in mathematics and science content standards.

2016 California Science Framework

Chapter 1

57

Overview of the California Next Generation Science Standards
resource that contains additional guidance that does not appear in the curriculum
frameworks nor the standards themselves.
Students who are learning English as an additional language come to California schools
with a range of cultural and linguistic backgrounds, proficiencies in English, and experiences
with schooling and content learning (both formal and informal). Leveraging these assets
and adding to them through rich science, technology, engineering, and mathematics (STEM)
learning experiences are shared responsibilities and close collaboration among educators
is essential. Elementary teachers (who typically teach math and science to their own
students) need to work collaboratively with one another and with site and district STEM
and ELD specialists to ensure their students benefit from the highest quality STEM learning
experiences possible. Secondary STEM teachers need to work closely with site and district
ELD specialists to ensure that their EL students are provided with opportunities to learn and
use grade-level mathematical and scientific language, in concert with opportunities to learn
mathematics and science concepts and practices. All STEM teachers are responsible for
ensuring that their EL students have full access to an intellectually rich and comprehensive
STEM curriculum and that each EL student makes steady progress in both their academic
content learning and their English language development. This resource is intended to
support educators in this endeavor. Several examples from the resource are provided in the
grade-span chapters of this framework, and the full document can be accessed at http://
www.cde.ca.gov/ci/sc/cf/ch1.asp#link3.

Interplay of Mathematics, Computational Thinking and CA NGSS
In the same way that science learning requires and supports language and literacy development, it also requires and supports the development of mathematical content knowledge
and understanding and mathematical practices called for in the CA CCSSM. The benefit and
support goes the other direction, too. By engaging in science and engineering, students
reinforce their learning of mathematics and computer science and see how these skills are
relevant to solving real-world problems. Science teachers can work together with mathematics teachers to help students bridge the gaps between the way the mathematics looks in
mathematics class and the way it is used in science. The investment of time and resources
for integration is worthwhile because it leverages and connects learning in the two areas.
The level of mathematics and computational thinking in science should develop in
parallel to the mathematical skills and practices expected by the CA CCSSM. Appendix
L of the CA NGSS provides a discussion and examples of the connections between the
content and the practices of the CA CCSSM and the CA NGSS. By the end of high school,
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students can use digital tools to organize and analyze very large data sets for patterns and
trends, understand and manipulate the variables in a computational model or simulation of a
phenomenon, process data, and visualize data in ways that they can use to help make meaning
and make decisions about design solutions or next steps in experimentation. Appendix 3 of this
framework discusses specific relationships between computer science and the CA NGSS.

e

ature of Science an

n erstan ing t e Scientific nter rise

While the SEPs are designed specifically to represent the practices performed by
professional scientists and engineers, there are additional concepts about scientific ways
of thinking that researchers refer to as the “nature of science.” Many of these researchbased ideas relate to the SEPs and CCCs, but are not fully represented by them. The NRC
Framework describes the importance of the nature of science:
Although there is no universal agreement about teaching the nature of
science, there is a strong consensus about characteristics of the scientific
enterprise that should be understood by an educated citizen. [ . . . ]
An education in science should show that new scientific ideas are acts
of imagination, commonly created these days through collaborative efforts
of groups of scientists whose critiques and arguments are fundamental to
establishing which ideas are worthy of pursuing further. Ideas often survive
because they are coherent with what is already known, and they explain the
unexplained, explain more observations, or explain in a simpler and more
elegant manner. (NRC 2012a)
Educators can engage students in discussing the reasons why they are engaging in
certain investigations, or why arguing from evidence is so critical for scientists as they
examine each other’s ideas and make revisions to the scientific knowledge in light of new
and productive evidence. Students should not just engage in the SEPs, but they should be
encouraged to reflect on the way these practices function to allow them to learn about the
world and to refine their thinking. This metacognitive perspective (learning about learning)
helps students deepen their understanding of the scientific enterprise.
Appendix H of the CA NGSS outlines eight basic elements of understandings about the
nature of science and a developmental progression of these ideas through the grade spans.
These concepts should not be viewed as a fourth dimension of the CA NGSS, but rather they
provide further insight into the application of the SEPs and CCCs. Table 1.13 lists the Nature
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of Science elements and groups them by whether they are most strongly associated with
the practice of doing science (SEPs) or ways of thinking about science (CCCs).
Table 1.13. Connection Between the Nature of Science Understandings and the
CA NGSS dimensions
CA NGSS DIMENSION CONNECTION

NATURE OF SCIENCE
UNDERSTANDINGS

Science and Engineering Practices
•

•

•

•

Crosscutting Concepts

Scientific Investigations Use a Variety
of Methods
Scientific Knowledge is Based on
Empirical Evidence
Scientific Knowledge is Open to Revision
in Light of New Evidence
Scientific Models, Laws, Mechanisms,
and Theories Explain Natural
Phenomena

•
•

•
•

Science is a Way of Knowing
Scientific Knowledge Assumes an Order
and Consistency in Natural Systems
Science Addresses Questions About the
Natural and Material World
Science is a Human Endeavor
Science Addresses Questions About the
Natural and Material World

These eight concepts about the nature of science and associated explanations appear
in the foundation boxes of the CA NGSS. Each one is listed with either SEPs or CCCs as
separated in table 1.13.
The process of explicit teaching and reflection about the nature of science provides
students with an opportunity to think about what they have performed, the knowledge they
have acquired, and compare their practices to those of professional scientists. Classroom
strategies to foster these types of reflections are discussed in chapter 11 of this framework.
One such strategy is to introduce historical case studies of critical moments (or revolutions)
in the thinking of the scientific community. Examples include the Copernican Revolution, the
progression of understanding from continental drift to plate tectonics, the understanding of
atomic structure, the germ theory of disease, and the understanding of human origin and
evolution, just to name a few. The main idea in this approach is to highlight the scientific
enterprise of building knowledge through a process that is human-driven, dynamically
complex, and grounded in critique and argument from evidence.

Twenty-First Century Skills for California Citizens
California’s goal to prepare future citizens as well as future scientists and engineers
is part of a nationwide movement. Some of the skills required for success as twenty-first
century citizens are the same as they were in the last century, but changes in the way people
communicate and exchange information have modified workplace practices and therefore
prompt the development of additional skills (NRC 2012b). In an attempt to describe the
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student learning outcomes and support systems that will promote readiness for twenty-first
century careers and citizenship, a coalition of leaders from education, business, and public
policy developed the Partnership for 21st Century Learning (P21). P21 identifies four essential
categories of learning that work as a set of interconnected elements (figure 1.12). The NRC
(2010) addressed the overlap between twenty-first-century skills and science education and
P21 developed a specific map of outcomes for science that also develop twenty-first-century
skills (see the 21st Century Skills Map at http://www.cde.ca.gov/ci/sc/cf/ch1.asp#link4).
These resources predate and helped inform the CA NGSS, but still serve as a valuable resource
for understanding the supports necessary to cultivate college and career ready students.
Figure 1.12. Twenty-First-Century Student Outcomes and Support Systems
P21 Framework for 21st Century Learning
21st Century Student Outcomes and Support Systems
Learning and
Innovation Skills – 4Cs
Critical thinking • Communication
Collaboration • Creativity

Life and
Career Skills

Key Subjects – 3Rs
and 21st Century Themes

Information,
Media, and
Technology
Skills

Standards and
Assessments
Curriculum and Instruction
Professional Development
Learning Environments

© 2007 Partnership for 21st Century Learning (P21)

Representation www.P21.org/Framework
of the distinct but interconnected elements of the P21 framework defined by the
Partnership for 21st Century Learning. Source: Partnership for 21st Century Learning 2007.

The P21 elements must be intentionally supported throughout the educational system.
The broadest component is the CA NGSS themselves. Many of the SEPs built into the CA
NGSS require application of twenty-first-century skills (table 1.14). At a different level,
curriculum can provide students opportunities to practice and refine these skills (with
feedback) by engaging students in interdisciplinary problems and integrating the use of
technologies into solving them. In the classroom, teachers can create a culture that values
twenty-first-century skills. In each case, these skills must be explicitly developed within the
context of the CA NGSS. Curriculum developers and educators are particularly important
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for implementing twenty-first century skills that are not already embedded within the
three dimensions of the CA NGSS such as social and cross-cultural skills, accountability,
leadership, and collaboration. With these efforts in place, the state can more fully achieve
the promise of the CA NGSS to prepare the next generation of citizens.
Table 1.14. Relationship between P21 Elements and the CA NGSS
P21 ELEMENT

SKILLS RELEVANT
TO THE P21 ELEMENT

CONNECTIONS WITH
THE CA NGSS

Core subjects with
twenty-first-century
interdisciplinary
themes

Global awareness;
financial, economic,
business, and
entrepreneurial literacy;
civic literacy; health
literacy; and environmental
literacy

Financial literacy through defining
problems [SEP-1] with cost
constraints in engineering design;
Environmental Principles and Concepts
infused throughout, especially
Principle V about decision making in
environmental policy.

Life and career skills

Flexibility and adaptability,
initiative and self-direction,
social and cross-cultural
skills, productivity
and accountability,
and leadership and
responsibility

Flexibility and adaptability promoted
through constant refinement of
models [SEP-2] , iterative improvements of engineering designs
(ETS1.C), and explicit attention to
the Nature of Science, including
“Scientific Knowledge is Open to
Revision in Light of New Evidence.”
Self-direction promoted through an
overall student-centered emphasis of
the practices such as students learning
to ask their own questions [SEP-1] ,
plan their own investigations [SEP-3]

and develop their own explanations
and solutions [SEP-6] .
Learning and
innovation skills
(the “4Cs”)

Creativity and innovation;
communication;
collaboration; and critical
thinking and problem
solving

Engineering design challenges require
creative solutions benefit from the
diverse ideas of collaborative teams.
Communication is an essential part of
communicating information [SEP-8]

and engaging in argument [SEP-7] .
Information, media
and technology skills.

Technology proficiency;
Information/media literacy.

Obtaining and evaluating information
[SEP-8] are both essential media

literacy skills.
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How to Read the California Next Generation
Science Standards
To provide guidance and clarification to all users of the standards, the writers created
a “systems architecture” (figure 1.13) to highlight the performance expectations as well
as each of the three integral dimensions of the CA NGSS. In addition, they provided
connections to other grade bands and subjects to ensure a coherent curriculum. Each
page consists of boxes arranged in four rows (figure 1.13): (1) the title of the core concept
being covered; (2) one or more performance expectations; (3) a foundation box containing
the three dimensions of the NRC Framework; and (4) a connection box. The performance
expectations (PEs) are the assessable standards; they are statements that describe what
students must actually do in order to demonstrate mastery. Each performance expectation
is an expression of all three dimensions, and the box below the performance expectations
articulates which aspects of each dimension are emphasized in each performance
expectation. This foundation box has SEPs in the blue section to the left, DCIs in the middle
orange section, and CCCs in the green section on the right. The foundation box text comes
directly from the NRC Framework. The connection box at the bottom denotes how the
performance expectations connect to other DCIs at this grade level, other grade levels, and
to other California standards such as the CA CCSS for ELA/Literacy and Mathematics. The
sections that follow provide further guidance about the information in each of the boxes.
Figure 1.13. Schematic View of the Layout of Standards in the CA NGSS.
GRADE XX CA NGSS TITLE
Performance Expectations
Science and Engineering
Practices

Disciplinary Core Ideas

Crosscutting Concepts

Connections to:
•
•
•

Other science disciplines at this grade level
Other DCIs at lower or higher grade levels
Suggested California Common Core State Standards in Mathematics and Language Arts
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Figure 1.14. Example of a Standard Page for Grade 5 and Disciplinary Core Idea PS2,
Forces and Interactions.
1

5-PS2 MOTION AND STABILITY: FORCES AND INTERACTIONS
Stu ents

2
3
4

o emonstrate un erstan ing can

5-PS2-1. Support an argument that the gravitational force exerted by Earth on objects is

directed down. [Clarification Statement: “Down” is a local description of the direction that
points toward the center of the spherical Earth.] [Assessment Boundary: Assessment does
not include mathematical representation of gravitational force.]

8
9

The performance expectations above were developed using the following elements from the
NRC document A Framework for K–12 Science Education:
ig lig te Science an
ngineering Practices

5
6

ngaging in rgument
from Evidence

7

Engaging in argument from
evidence in 3-5 builds on K-2
experiences and progresses
to critiquing … .
•

ig lig te Disci linar
Core Ideas

ig lig te Crosscutting
Concepts

PS2.B: Types of Interactions

Cause and Effect:

•

The gravitational force of
Earth acting on an object
near Earth’s surface pulls
that object toward the
planet’s center. (5-PS-1)

•

Cause and effect
relationships are routinely
identified and used to
explain change. (5-PS2-1)

10

Support an argument with
evidence, data, or a model.
(5-PS-1)

Connections to other DCIs in fifth grade: N/A.
Articulation of DCIs across grade-bands: 3.PS2.A (5-PS2-1); 3.PS2.B (5-PS2-1); MS.PS2.B
(5-PS2-1); MS.ESS1.B (5-PS2-1); MS.ESS2.C (5-PS2-1)

11

CA CCSS for ELA/Literacy Connections:
RI.5.1
Quote accurately from a text when explaining what the text says explicitly and

when drawing inferences from the text. (5-PS2-1)
1 Title Each grade level has blocks of related
performance expectations. The code is unique
but the title may be reused as material is
revisited at more advanced levels in later grades.

6 Disciplinary Core Ideas (DCIs) Concepts
that have broad importance within a discipline
and have relevance to people’s lives.
7 Crosscutting Conce ts CCCs Tools for
thinking about science and engineering that are
common to all disciplines.

2 Performance Expectation (PE) Code

A unique indentifier to reference a specific
performance expectation, for example: 5-PS2-4.
5 Grade Level

8 Performance Expectation (PE) A
statement that combines practices, core ideas,
and crosscutting concepts together to describe
how students can show what they have learned.

PS Discipline of science/engineering
2

Core idea number within that discipline

1

Unique subitem number

or additional clarification to the performance
expectation.

9 What is assessed A collection of
performance expectations describing what
students should be able to do when they have
mastered this standard.

4 Assessment Boundary Provides guidance
about the scope of the performance expectation
at a particular performance expectation at a
particular.

10 Foundation Box A brief description
of the practices, core disciplinary ideas, and
crosscutting concepts that each performance
expectation builds upon.

5 Scientific an
ngineering Practices S Ps
Activities that scientists and engineers engage in to
understand the world and solve problems.

11 Connection Box Other standards in CA NGSS
and other disciplines (including the CA CCSS) that
relate to this group of performance expectations.

3 Clarification Statement Supplies examples

Source: Adapted from National Science Teachers Association 2013.
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Performance Expectations
The performance expectations are the assessable statements of what students should be
able to accomplish in order to demonstrate understanding of a subject area’s core content.
These expectations describe ways that scientifically literate students can express understanding about the world around them and apply that understanding to solve problems
in that world. The performance expectations provide a foundation for advanced science
courses such as Advanced Placement, International Baccalaureate, and college-level classes.
Performance expectations are not a set of instructional practices, a curriculum, nor actual
assessment tasks. Rather, they are general descriptions of what students should be able
to perform at the end of instruction. There are many possible ways to assess mastery of a
given performance expectation.
Each performance expectation has a unique code with three parts so that it can be
referenced concisely. In the performance expectation 5-PS2-1, the “5” indicates the grade
level (a one character abbreviation is used for kindergarten through grade five. “MS” indicates
grades six, seven, and eight, and “HS” covers grades nine through twelve). The “PS2” indicates
Physical Science core idea number 2 from the list in the NRC Framework (shown in table 1.1
earlier in this chapter), and the “1” refers to the first performance expectation in the series.
The wording of PE 5-PS2-1 (see figure 1.14) reveals a three-dimensional combination of a
practice (“support an argument”), conceptual ideas (“gravitational force”) and crosscutting concept (“effect”) that students will need to learn and practice during instruction.
A Clarification Statement written in red font often follows the performance expectation
to provide the intended interpretation of certain parts of the performance expectation or
examples of phenomena. In the performance expectation in figure 1.14, the clarification
statement helps teachers understand what is meant by “down.” Also in red is the Assessment
Boundary, which clarifies the scope and detail appropriate to this grade level.
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Foundation Boxes
Science and Engineering Practices (SEPs) : The blue box on the left side of the row of

foundation boxes includes only the primary SEPs required for the performance task outlined
by the performance expectations above it. Since performance expectations often represent the
culmination of a long sequence of instruction, students will use other SEPs besides the ones listed
in the box. The text in the box that describes the SEPs comes directly from the NRC Framework.
Disciplinary Core Ideas (DCIs) : The orange box includes DCIs from the NRC

Framework. The box only includes the DCIs most relevant for the student’s understanding
of the performance expectation at this grade level, and students will draw on their
understanding of other DCIs to accomplish the performance expectation. Because the DCIs
are part of a coherent K–12 progression, students will likely draw on prior knowledge of the
same DCI from a previous grade level. As such, each performance expectation highlights
understanding at an increased depth in each grade level (see appendix 1 of this framework).
Crosscutting Concepts (CCCs) : The green box provides the major CCCs that are

helpful to apply in exploring this disciplinary core idea. This column includes material from
the chapter on crosscutting concepts in the NRC Framework, as well as elements of the
Engineering, Technology, and Applications of Science (ETS2) core idea and of the nature of
science concepts that are important to develop or use in the context of this core idea.
Both the SEP column and the CCC column may also contain supplemental learning goals
identified as the “Engineering, Technology, and Application of Science” (found only in the
green CCC column) and the “Nature of Science” connections (found both in the SEP and the
CCC columns). These additional learning goals are described in the CA NGSS appendix H
(Nature of Science) and appendix J (Science, Technology, Society, and the Environment).

Connection Boxes
The connection boxes listed below the foundation boxes are designed to support teachers
and curriculum designers in developing a coherent, well integrated curriculum both within
science and with other subject areas. The three boxes are (1) Connections to other DCIs in
this Grade Level—to bundle related PEs during curriculum design; (2) Articulation of DCIs
across grade levels—to find what students have done on the topic in prior grade levels and
recognize what is needed at this grade level to provide a firm foundation for later grades;
and (3) Connections to the California Common Core State Standards. Tables within the grade
level chapters of this document add further connections to CA ELD standards and the EP&Cs.

CA NGSS Appendixes
All NGSS appendixes included in the full release of the NGSS materials are a comprehensive
resource for further information (accessed at http://www.cde.ca.gov/ci/sc/cf/ch1.asp#link5).
These appendixes were adopted as a component of the CA NGSS by the SBE in September
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2013 (table 1.15). To minimize confusion, the CA NGSS appendixes are indicated by letters
and the appendixes in this framework document are indicated by numbers.
Table 1.15. Summary of the CA NGSS Appendixes
#

APPENDIX TITLE

BRIEF DESCRIPTION

A

Conceptual Shifts

Highlights seven “conceptual shifts” science educators and
stakeholders need to make to effectively use the CA NGSS

B

Responses to Public
Feedback

Comprehensive summary of all public feedback and
responses submitted to Achieve by the NGSS Lead States

C

College and Career
Readiness

Reflection on how the standards properly prepare students
for college and career readiness

D

All Standards, All
Students

Implementation strategies to ensure that all students have
equal opportunities

E

Disciplinary Core Idea
Progression in the NGSS

Short narrative descriptions of how each DCI progresses in
complexity through the grades

F

Scientific and
Engineering Practices
in the NGSS

Tables for each of the SEPs specifying what students should
be able to know and do by the end of each grade-band
endpoints.

G

Crosscutting Concepts
in the NGSS

Tables for each of the CCCs specifying what the level of
understanding appropriate for the end of each grade-band
endpoints.

H

Nature of Science
in the NGSS

Describes and provides a matrix how the nature of science
has been included in both SEPs and CCCs

I

Engineering Design
in the NGSS

Describes the CA NGSS’s commitment to integrate
engineering design into the structure of science education

J

Science, Technology,
Society, and the
Environment

Summarizes ETS2, the core ideas that relate science and
technology to society and the natural environment

K

Model Course Mapping
in Middle and High
School

Provides tables with examples of how to organize the
standards into grade-level courses for middle and high school
that best prepare students for post-secondary success

L

Consistency with
the Common Core
State Standards for
Mathematics

Gives some specific suggestions about the relationship
between mathematics and science in K–8. Describes how
NGSS was designed so it does not outpace or otherwise
misalign to the grade-by-grade CCSS in Mathematics

M

Consistency with the
Common Core State
Standards for English
Language Arts

Identifies key literacy connections to the specific content
demands outlined in the CA NGSS. Describes how the CA
NGSS were designed to not outpace or otherwise misalign
to the grade-by-grade CA CCSS for ELA/Literacy
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Introduction to Transitional Kindergarten

Y

oung children are natural explorers and builders; they are innately
curious about the world, motivated to learn about it, and anxious
to find ways to make it better. Early childhood educators are

charged with helping direct that energy toward activities that cultivate
curiosity, patience, perseverance, and a love of learning. The overall goal
of the California Next Generation Science Standards (CA NGSS) in early
childhood education is not to produce “little scientists” that act and talk
like professionals, but instead put students on a track to become “big
scientists.” This process is gradual and the CA NGSS lay out a progression of
practices and understandings that unfold in a developmentally appropriate
manner. The CA NGSS define a set of science and engineering practices
(SEPs) , disciplinary core ideas (DCIs) , and crosscutting concepts
(CCCs) and describe how the implementation and expression of these ideas

and activities change as students progress from kindergarten through high
school (appendix 1 of this framework).
Recognizing the importance of early childhood education, California’s
Education Code Section 48000(d) defines transitional kindergarten (TK)
as “the first year of a two-year kindergarten program that uses a modified
kindergarten curriculum that is age and developmentally appropriate.” The
CA NGSS do not have grade-specific expectations for early childhood or TK,
so this chapter outlines key elements of developmentally appropriate science
at this level. As with all learning at this developmental level, teaching
science in TK requires supporting children’s development in language
(including primary language and English for dual language/English learners),
analysis and reasoning, symbolization or representation, and the emotional
and social skills needed to learn and work with others.
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Aligning Key Instructional Shifts of the
CA NGSS with TK
Teaching science at the TK level should follow the same overarching principles of the
CA NGSS outlined in the “Overview” chapter of this framework (chapter 1) where students
engage in doing science, thinking about science, and understanding science. The California
Preschool Curriculum Framework (CA Preschool Framework) (California Department of
Education [CDE] 2012b) provides guidance to teachers on teaching strategies, setting up
environments, and planning curriculum in a way that is also developmentally appropriate
for science learning for TK students. However, the CA Preschool Framework predates the
adoption of the CA NGSS. What needs to change? Chapter 1 of this framework describes
three key instructional shifts in the CA NGSS, and these align closely with best practices of
early childhood education in science from the CA Preschool Framework.

Phenomena-Driven Learning
Events in the natural and constructed world, or phenomena, are at the heart of
instruction in the CA NGSS. Young children learn by directly experiencing these phenomena.
Teachers can intentionally set up materials and learning environments that promote rich
engagement and hands-on experiences. Learning through experience takes sustained
engagement with the same ideas over weeks, months, and even years (National Research
Council [NRC] 2007, 3); this means that students need ongoing access to the same set of
materials and conversations rather than jumping from one idea to the next too quickly.
Science is driven by curiosity about the natural world, so a primary objective is to cultivate
curiosity at the TK level. Teachers are essential for setting up the environment, scaffolding
the exploration, and guiding language development around the phenomena. But teachers
also play the role of “explorer in chief”; students ask more questions [SEP-1] and explore
more boldly when their teacher demonstrates his or her own curiosity (Engel 2013).
One of the best ways to encourage engagement with phenomena and cultivate curiosity
is to present anomalies, ask for explanation, and encourage informal learning through play
(Gopnik 2012). Play not only allows for socio-emotional development, but it is also deeply
cognitive and designed to help children learn. Outdoor play allows children to direct their
own exploration and investigation while dramatic or pretend play is a method of processing
and communicating information.

Coherent Instruction Across the Curriculum
Making discoveries through authentic exposure to rich real-world experiences in science
and other domains such as language development, beginning early literacy, music, and
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mathematics, prepares children in the TK classroom for the CA NGSS they will be mastering
in kindergarten. TK is a particularly critical time for language development that sets the
foundation for all future learning, including science and engineering. Science activities
should therefore include scaffolding for language and vocabulary acquisition through rich
discourse prompted by teacher questioning and through teacher-student and studentstudent interactions. Experiential learning in science is a key opportunity to learn new
vocabulary because new words are needed to communicate about the explorations. The
teacher or another child introduces words because they are relevant to the discourse.
Repeated use of new words in relevant contexts underpins all language development for
children of this age. Note that the emphasis in TK is not on science-specific terminology but
rather the use of science as a platform to learn everyday and academic language.
As stated in the California Preschool Learning Foundations (CDE 2012a), “Language is a
tool of communication used in all developmental domains. Children who are English learners
need to be supported not only in activities focused on language and literacy, but across
the entire curriculum.” All children, particularly children at the beginning and middle levels
of English-language acquisition, may show knowledge and skills in other domains such as
science and engineering using their home language. Hands-on activities therefore support
the growth of skills in these domains and should be designed so that they promote the
language development of all students.

Learning Relevant to Student Experience and Community Needs
The CA NGSS brings two new opportunities to science learning that make it more
relevant to science and the future needs of communities: engineering and environmental
literacy. These elements were added to prepare students to be future citizens and leaders
capable of making informed decisions to address key issues facing modern society. This
broader goal is an endpoint that develops gradually over the entire TK–12 span. The childcentered, local focus of TK serves as an important first step on this progression.
California’s Environmental Principles and Concepts (EP&Cs) are a fundamental component
of the CA NGSS that stress human relationships with the natural world. Transitional kindergarten students begin building this relationship by spending time outdoors, and observing and
appreciating the world around them (even when that world is entirely urban). A school with a
creek has a clear advantage over an urban one at providing access to the natural world, but
all California students should experience the world around them (whatever it may be). There
are opportunities to make this happen in all school settings that build foundations of environmental literacy. In addition to observing all forms of life (ranging from weeds growing in
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cracks to coyotes leaping schoolyard fences), students can experience patterns in weather,
shadows and light, and feel the range of different materials that make up their environment.
Engineering concepts and practices at this early age are grounded in solving problems.
One aspect of engineering involves physically creating things such as building structures with
blocks, toy construction sets, or other three-dimensional construction materials and exploring
the properties of materials. However, engineering is not only about physical solutions but
includes developing processes and procedures that solve a range of real-world problems.
Many of the problems students will face in the next generation are related to human-induced
changes to the environment. Engineering can create solutions that reduce human impacts.

The California Preschool Learning Foundations
and the CA NGSS
This section discusses learning progressions that bridge from the California Preschool
Learning Foundations for science (CDE 2012a) to the CA NGSS for kindergarten. Students
develop the interest, curiosity, language, and habits of mind needed to pursue science when
TK teachers support students’ development of both fundamental abilities for analysis and
reasoning and for graphic and symbolic representation of their ideas.
Unlike preschool or kindergarten, TK does not have grade-specific content standards.
The guidelines in this section reflect the range of abilities students may possess in the
period between preschool and kindergarten, but are not specific to a grade-level standard.
The Preschool Learning Foundations for science describe the behaviors and skills children
typically exhibit “at around 48 months of age” and “at around 60 months of age” (CDE
2012a). Transitional kindergarten teachers commonly use these foundations to guide
curriculum development, as children are not yet 60 months when they enter TK. Transitional
kindergarten students are not expected to master the kindergarten standards until the end
of kindergarten.
The California Preschool Learning Foundations were designed for all children, including
dual language learners and children with disabilities. However, dual language learning children
may understand more quickly through instruction in their home language, and children with
disabilities or other special needs may require adaptations or modifications (CDE 2012a).
The California Preschool Learning Foundations for science are organized in four strands:
1. Scientific Inquiry
2. Physical Sciences
3. Life Sciences
4. Earth Sciences
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Within these foundations, the Scientific Inquiry strand focuses on developing the skills
and language of science. In the CA NGSS, similar skills are called science and engineering
practices (SEPs) . One shift of the CA NGSS is that the SEPs are not separated from

the other strands but are tools for acquiring understanding of core ideas within each
discipline. The term three-dimensional learning in the CA NGSS refers to this integration of
the science and engineering practices, disciplinary core ideas, and crosscutting concepts.
The CA NGSS define disciplinary core ideas (DCIs) in physical, life, Earth and space
sciences and engineering. Students engage in the science and engineering practices to
understand the DCIs.The third dimension, crosscutting concepts (CCCs) help students
explore connections across the four domains of science (physical science, life science,
Earth and space science, and engineering design). These ideas, DCIs, SEPs, and CCCs, are
fundamental ways of thinking about and asking questions that tie together all disciplines or
strands of science. Even though the California Preschool Learning Foundations do not directly
include CCCs, young children can explicitly consider the CCCs as they explore phenomena.
For example, children can observe that sorting objects by color or size reveals an underlying
set of patterns [CCC-1] in the classification of the objects. Or, children can do something
to an object (pushing a ball on a table) and then observe what happens next (the ball may
fall off the table). The understanding of this cause and effect [CCC-2] mechanism enables
them to make predictions about future events.
The California Preschool Learning Foundations predate the adoption of the CA NGSS and
therefore do not correlate directly to them. The tables in this chapter show one possible
alignment between these two documents.

2016 California Science Framework

Chapter 2

77

Transitional Kindergarten

Science and Engineering Practices in TK
The SEPs, like all three dimensions of CA NGSS, build in complexity in an age-appropriate
manner and look very different in TK–2 than they do in high school. Table 2.1 shows one
way to interpret the SEPs for kindergarten through grade two. It serves as a simplified guide
to the practices.
Table 2.1. Age Appropriate Science and Engineering Practices
AS STATED IN STANDARDS

ADAPTED FOR TK–2

Asking questions (science)/Defining problems
(engineering)

Wondering (science)/Deciding the “rules”
(engineering)

Developing and using models

Drawing diagrams, building models, and
discovering ways to think about how things
work

Planning and carrying out investigations

Doing “exploriments”

Analyzing and interpreting data

Comparing and looking for patterns

Using mathematical and computational
thinking

Counting and measuring

Constructing explanations (science)/
designing solutions (engineering)

Describing what happened (science)/
Tinkering (engineering)

Engaging in argument from evidence

"I think ____ because I see or know ____."

Obtaining, evaluating, and communicating
information

Writing, drawing, or talking (acting out)
about what we know, read, and understand
about new discoveries (things) (ELA
connections)

Table 2.2 outlines connections between the scientific inquiry strand of the California
Preschool Learning Foundations and the SEPs from the CA NGSS. The table illustrates what
the SEPs might look like at the TK level. The table also includes ideas for how teachers can
prompt or question children to further develop these practices in the context of children’s
spontaneous activities and observations. The descriptors for the kindergarten SEPs in table
2.2 come directly from appendix 1 of this framework for grade span K–2.
Two SEPs from the CA NGSS are not included in table 2.2 but are a part of TK
instruction. There are many activities that can develop TK mathematical thinking [SEP-5] ,
including counting and measuring. For example, cooking (which is full of measurement) has
been shown to be an effective strategy to improve science learning (Saçkes et al. 2011).
The other CA NGSS SEP missing from the table is developing models [SEP-2] . Foundations
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for modeling in TK include making representational drawings and diagrams (pictorial
models). Making a drawing that represents a block structure a child has built as described
above, or a chart that represents the growing of a plant week after week through a series
of drawings of the plant at different stages are two examples. Students also develop
internal mental models through play and interaction with the world. They actively apply
these models to predicting outcomes. They slowly develop the language skills necessary to
articulate their mental models (turning them into conceptual models that can be shared and
refined as a community).

Disciplinary Core Ideas and Crosscutting Concepts in TK
Table 2.3 shows example connections between the California Preschool Learning
Foundations for science and the DCIs in physical science, life science, and Earth and
space science. Each foundation topic also includes a suggested link to an appropriate CCC.
Teachers deepen and extend a child’s thinking about the concept by using age-appropriate
versions of the questions associated with each CCC presented in the overview chapter.

Other Resources
To ensure that TK meets the instructional and developmental needs of young learners,
ongoing collaboration between instructional experts and curriculum developers at both the
school and district levels is necessary to develop a coherent articulation across preschool to
TK and to kindergarten.
The CDE has published a document, The Alignment of the California Preschool
Learning Foundations with Key Early Education Resources1 http://www.cde.ca.gov/ci/sc/
cf/ch2.asp#link1 that connects the California Infant/Toddler Learning and Development
Foundations, Head Start Child Development and Early Learning Framework, California
Preschool Learning Foundations (CDE 2012a), and the California Common Core State
Standards. This resource and others presented in the Mathematics Framework for California
Public Schools: Kindergarten Through Grade Twelve and the English Language Arts/English
Language Development Framework for California Public Schools: Kindergarten Through
Grade Twelve provide additional opportunities to create a more interdisciplinary curriculum.
The frameworks and other early childhood education resources can be downloaded from the
California Department of Education Web site: http://www.cde.ca.gov/ci/sc/cf/ch2.asp#link2.

1. The Alignment of the California Preschool Learning Foundations with Key Early Education Resources predates the adoption
of the CA NGSS. The standards listed in the alignment document are now-outdated standards from 1998.
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Example Student Actions

When playing in the
block area creates a sloped
ramp with blocks and rolls
different toy cars down the
ramp. Checks which car goes
the farthest when rolling
down the ramp.
• While sorting different
rocks, picks up one of the
rocks and washes it with
soap and water. Then gets
the magnifying glass to
observe it more closely.

Example Student Actions

Wondering why the toy
car does not roll down the
ramp, picks up the car and
discovers that it is missing
one wheel.
• Sees a snail and wonders,
Why is it hiding inside?
When is it coming out?
•

1.1 Demonstrate curiosity
and increased ability to
raise questions about
objects and events in their
environment.

1.1 Demonstrate curiosity
and raise simple questions
about objects and events
in their environment.

•

At around 60 months of age

At around 48 months of age

1.0 Observation and Investigation

SCIENTIFIC INQUIRY STRAND

Respond to student questions with questioning
to prompt further investigation or analysis of the
problem.
• Provide opportunities and materials for students
to follow up on their questions and interests about
natural or engineered phenomena.
• Choose and read aloud books and stories that
follow up on student questions and interests.
•

Teacher Actions That Can Elicit Student Actions

•

Ask questions based on observations to find more
information about the natural and/or designed
world(s).

SEP-1 Asking questions and defining problems

By the end of kindergarten

CA NGSS SCIENCE AND ENGINEERING
PRACTICES

Transitional Kindergarten

Alignment Tables Linking California Preschool Learning
Foundations to the CA NGSS

Table 2.2. Alignment of California Preschool Learning Foundations to the Science and
Engineering Practices

Chapter 2
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While exploring a rain stick, shakes it
and listens to the sound it makes. Children
share their observations: “I can hear
something inside, like beans or small
rocks”; “It sounds like rain”; “It looks like a
long stick”; “It is made of wood”; “It has a
drawing on it with many colors.”
• Observes the caterpillar (or picture of a
caterpillar) closely and draws a picture of a
caterpillar. Communicates, “It has stripesyellow, white, and black-like a pattern.”
•

A child with a visual
impairment touches the bark
of a tree and communicates,
“It feels a little scratchy
when I touch the bark.”
• Tastes a piece of red apple
and a piece of green apple
and describes what they
taste like.

•

Example Student Actions

Example Student Actions

1.2 Observe objects and events in the
environment and describe them in
greater detail.

1.2 Observe objects and
events in the environment
and describe them.

Describe how specific images (e.g., a diagram showing how
a machine works) support a scientific or engineering idea.
• Use information from observations to construct an
evidence-based account.
• Communicate information in oral form using models and
drawings that provide detail.

Provide opportunities to observe natural and engineered
phenomena indoors and out.
• Encourage students to record observations through
drawings and verbally.
• Ask questions that encourage further observations and
introduce words and language needed for the situation.
• Make class charts recording important words or ideas
that students introduced in their observations with
accompanying pictures.
•

Teacher Actions That Can Elicit Student Actions

•

SEP-8 Obtaining, evaluating, and communicating
information

•

Make observations (firsthand or from media) to construct
an evidence-based account for natural phenomena.

SEP-6 Constructing explanations and designing solutions

•

Use observations (firsthand or from media) to describe
patterns and/or relationships in the natural and designed
world(s) in order to answer scientific questions.

SEP-4 Analyzing and interpreting data

•

Make observations (firsthand or from media) and/or
measurements to collect data that can be used to make
comparisons.

By the end of kindergarten

At around 60 months of age

At around 48 months of age
SEP-3 Planning and carrying out investigations
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Example Student Actions

Uses age-appropriate tools to pick up
and group together small things found in
soil.
• While preparing dough, child uses a
measuring cup to pour one cup of flour.

Example Student Actions

While exploring, studying, or
examining leaves, uses a magnifying
glass, with the teacher’s assistance,
to observe a leaf closely.
• Using a measuring cup, helps the
teacher measure two cups of flour
during a cooking activity.
•

1.3 Identify and use a greater variety
of observation and measurement tools.
May spontaneously use an appropriate
tool, though may still need adult
support.

1.3 Begin to identify and use, with
adult support, some observation
and measurement tools.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Pose design problems in the context of building
and sandbox play activity, e.g., ”How could you
make your block building more stable?”
• Introduce simple tools for measurement,
observation, or manipulation of materials and
encourage children to use them in activities such
as cooking or sorting.
•

Teacher Actions That Can Elicit Student Actions

•

Define a simple problem that can be solved
through the development of a new or improved
object or tool.

SEP-1 Asking questions and defining problems

CA NGSS SCIENCE & ENGINEERING PRACTICES
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Example Student Actions

Observes and describes what the
sky looks like on a foggy day and
how it is different on a sunny day.
• Compares creases in the
palm of his hand to a leaf and
communicates, “They both have
stripes all over. Some lines are tiny,
and some are long, like this one.”

Example Student Actions

Compares a hummingbird egg
to a chicken egg (while observing
pictures or actual objects) and
describes their similarities: “They are
round and white and look the same.”
• Using different senses, observes a
watermelon, contrasts the inside and
outside, and communicates, “The
outside is green and hard, and the
inside is red and soft.”
•

1.4 Compare and contrast
objects and events and describe
similarities and differences in
greater detail.

1.4 Compare and contrast objects
and events and begin to describe
similarities and differences.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Provide opportunities to observe natural phenomena
over an extended period of time.
• Encourage students to record observations through
drawings and verbally, and discuss those observations.
• Ask questions that encourage further observations and
introduce words and language needed for the situation.
• Make class charts recording important words or ideas
that students introduced in their observations with
accompanying pictures.
•

Teacher Actions That Can Elicit Student Actions

•

Analyze data from tests of two objects designed to
solve the same problem to compare the strengths and
weaknesses of how each performs.

SEP-4 Analyzing and interpreting data

•

Make observations (firsthand or from media) and/or
measurements to collect data that can be used to make
comparisons.

SEP-3 Planning and carrying out investigations
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Example Student Actions

Brings an object to the water table and
predicts whether it will sink or float. Then
puts the object in water and observes what
happens. Comments to his friend, “Yes, I
knew it! It is floating.”
• In response to the question, “What do
you think will happen if water is added
to the flour?” Predicts, “The flour will feel
sticky and will not look like flour any more.
The water and the flour will mix together.”
Another child suggests, “Let’s pour some
water and see what happens.”

Example Student Actions

After making a prediction
about which block is heavier,
uses the balance scale to
test her prediction.
• Looks through the window
on a windy day and predicts,
“More leaves will fall down.”
•

1.5 Demonstrates an increased
ability to make predictions and
check them (e.g., may make more
complex predictions, offer ways to
test predictions, and discuss why
predictions were correct or incorrect).

1.5 Make predictions and
check them, with adult
support, through concrete
experiences.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Ask questions that prompt comparisons or predictions.
When students offers predictions, ask them to explain
why that is their expectation.
• Carry out investigations to follow up on predictions.
• Foster discussion of results, both when the outcome is
as expected and when it is not, fostering further questions
and observations or revised predictions for a new but
related situation.
•

•

Teacher Actions That Can Elicit Student Actions

•

Compare predictions (based on prior experiences) to
what occurred (observable events).

SEP-4 Analyzing and interpreting data

•

Plan and conduct an investigation collaboratively to
produce data to serve as the basis for evidence to answer
a question.
• Make predictions based on prior experiences.

SEP-3 Planning and carrying out investigations
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Observes a picture of an unfamiliar
animal. Notices the wings and
communicates, “It is a bird. I know it
because it has wings.”
• Observes a picture of a child dressed in
a jacket, a scarf, mittens and a hat and
communicates that it must have been very
cold outside.

Example Student Actions

Notices that a plant is
wilted and says that it needs
some water.
• Looks outside the window
and observes the trees
moving. Infers that it is
windy outside: “Look at the
trees; it is windy!”
•

SEP-6 Constructing explanations and designing solutions

1.6 Demonstrate an increased ability
to make inferences and generalizations
based on evidence.

1.6 Make inferences and
form generalizations
based on evidence.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Identify arguments that are supported by evidence.
Construct an argument with evidence to support a claim.

Encourage children to discuss and elaborate on
observations and conclusions.
• Ask questions to elicit analysis and reasoning and to
encourage students to provide evidence from observation
to support conclusions (or claims).
• Encourage student group talk to arrive at a common
understanding or explanation of a phenomenon.
•

Teacher Actions That Can Elicit Student Actions

•

•

SEP-7 Engaging in argument from evidence

•

Make observations (firsthand or from media) to construct
an evidence-based account for natural phenomena.
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Collects information by using tally
marks to find out how many children
have pets and how many do not have
pets.
• After coming back from a walk in
the neighborhood, creates with other
children a model of the building they
have observed using different materials
such as boxes of different sizes, paper
rolls, and plastic bottles.
•

“Records” in her journal what
the pumpkin looks like on the
inside and draws an orange oval
with many dots on the inside.
The teacher writes down the
child’s observation: it is soft
inside and has lots of seeds.
• In collaboration with friends,
creates a collage with rocks and
leaves collected during a walk
around the yard or neighborhood
and refers to it when describing
the items collected on their walk.

•

Example Student Actions

Example Student Actions

SEP-2 Developing and using models

2.1 Record information more
regularly and in greater detail in
various ways, with adult assistance,
including pictures, words (dictated
to adults), charts, journals, models,
photos, or by tallying and graphing
information.

2.1 Record observations or
findings in various ways, with
adult assistance, including
pictures, words (dictated
to adults), charts, journals,
models, and photos.

Encourage drawing activity to represent observations and
ideas.
• Ask students to make a diagram showing how they built
a block structure.
• Encourage children to build patterns or structures
following a design diagram.
• Develop simple charts or bar graphs to record student
observations and have children discuss them.
• Ask children to suggest how the teacher should represent
information or observations that they are gathering.
•

Teacher Actions That Can Elicit Student Actions

•

Obtain information using various texts, text features,
and other media that will be useful in answering scientific
questions and/or supporting a scientific claim.

SEP-8 Obtaining, evaluating, and communicating
information

•

•

Record information (observations, thoughts, and ideas).
Use and share pictures, drawings, and/or writings of
observations.

SEP-4 Analyzing and interpreting data

•

Develop and/or use a model to represent amounts,
relationships, relative scales (bigger, smaller), and/or
patterns in the natural and designed world(s).

By the end of kindergarten

At around 60 months of age

CA NGSS SCIENCE & ENGINEERING PRACTICES
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2.0 Documentation and Communication
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By the end of kindergarten
SEP-4 Analyzing and interpreting data

At around 60 months of age
2.2 Share findings and explanations,
which may be correct or incorrect, more
spontaneously and with greater detail.

At around 48 months of age

2.2 Share findings and
explanations, which may
be correct or incorrect,
with or without adult
prompting.
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Prompt analysis and reasoning from evidence through
questioning strategies.
• Provide opportunities and encouragement for students
to respond to the ideas of others with questions or
elaborations.
•

When asked whether a puppet can eat,
explains, “A puppet cannot eat because it
does not have a real mouth. You can draw
him a mouth, but it is not real like this.”
(points to own mouth).
• When talking with children about why
some things slid faster and others slower
when letting go of them at the top of the
slide, children come up with different explanations: “It got stuck because it is heavy,”
“It is slippery,” “It is bumpy,” “It has wheels.”
•

Records the growth of
a plant in the garden, and
communicates, “The plant
grew from a seed, just like
the flower in the story.”
• When asked, “What
happened to the water?”
Explains, “It is hard now
because we put it in the
freezer.”

•

Teacher Actions That Can Elicit Student Actions

Example Student Actions

Example Student Actions

•

Communicate information or design ideas and/or
solutions with others in oral and/or written forms using
models, drawings, writing, or numbers that provide detail
about scientific ideas, practices, and/or design ideas.

SEP-8 Obtaining, evaluating, and communicating
information

•

Distinguish between opinions and evidence in one’s own
explanations.
• Listen actively to arguments to indicate agreement or
disagreement based on evidence, and/or to retell the main
points of the argument.

SEP-7 Engaging in argument from evidence

•

Make observations (firsthand or from media) to construct
an evidence-based account for natural phenomena.

SEP-6 Constructing explanations and designing solutions

•

Use observations (firsthand or from media) to describe patterns and/or relationships in the natural and designed world(s)
in order to answer scientific questions and solve problems.
• Compare predictions (based on prior experiences) to
what occurred (observable events).
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Uses a balance scale to find out which of
two balls is heavier.
• During a cooking activity, explores sugar,
flour, salt, powdered gelatin, or cornstarch
by using the senses (touch, smell, taste).
Children communicate their observations:
“All of them are white,” “The flour is very
soft,” “The sugar looks more like salt, but it
tastes sweet.”
•

Holds a wood block and a
foam block. Refers to the wood
block when asked which one is
heavier.
• Tries to push a toy car through
a maze and realizes that the
car is too big and cannot go
through. Gets a smaller car and
tries again.

•

Example Student Actions

Example Student Actions

Support for K-PS3-1

1.1 Demonstrate increased ability to
observe, investigate, and describe in
greater detail the characteristics and
physical properties (size, weight, shape,
color, texture, and sound) of objects
and of solid and nonsolid materials.

1.1 Observe, investigate, and
identify the characteristics
and physical properties of
objects and of solid and
nonsolid materials (size,
weight, shape, color, texture,
and sound).

Set up opportunities for students to
investigate, record, and discuss the effects and
patterns of sun and shade in the playground.
• Prompt discussion, observation, and analysis
of the relationship of shape to use for tools
and other objects used in everyday activities in
the classroom (including body parts, art tools,
cooking tools, etc.)
•

Teacher Actions That Can Elicit Student
Actions

Patterns [CCC-1]
Scale, Proportion, and Quantity [CCC-3]

Develop a simple sketch, drawing, or physical
model to illustrate how the shape of an object
helps it function as needed to solve a given
problem.

(PS3.B - Sunlight warms Earth’s surface.)
Support for K-2-ETS1-2

Statement: Examples of Earth’s surface could
include sand, soil, rocks, and water.]

Make observations to determine the effect
of sunlight on Earth’s surface. [Clarification

By the end of kindergarten

At around 60 months of age

PHYSICAL SCIENCE – CA NGSS

At around 48 months of age

1.0 Properties and Characteristics of Nonliving Objects and Materials
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Table 2.3. Connections Between the California Preschool Learning Foundations Science
Domain Strands and the CA NGSS

2016 California Science Framework

2016 California Science Framework
2.1 Demonstrate an increased awareness
that objects and materials can change in
various ways. Explore and describe in greater
detail changes in objects and materials
(rearrangement of parts; change in color,
shape, texture, form, and temperature).

Example Student Actions

While making lemonade, mixes water with lemon
juice and makes a prediction about how it is going
to taste.
• After putting different colored crayons on a piece
of aluminum foil and placing it in the sun, the
teacher asked, “What do you think might happen?”
Children predict, “It will get burned,” “It will get hot,
and then they will mix.”
• Records in her journal how the ice in the bowl
melted: “I touched it with my finger, and it was very
cold and very hard.” The teacher asks, “What happened to the ice after lunch was over?” The child
describes her drawing: “The ice was very small,
and there was water in the bowl.” The teacher
writes the child’s words down and rephrases the
child’s description: “Yes, the ice has melted.”

2.1 Demonstrate awareness
that objects and materials can
change, explore and describe
changes in objects and
materials (rearrangement of
parts; change in color, shape,
texture, temperature).

Example Student Actions

Participates in making
guacamole and demonstrates
how teacher can make it soft by
pressing and mixing the avocado
with a fork.
• While playing with blue and
yellow soft clay, observes that
the mixture became green and
communicates, “Hey, teacher, I
made green.”
• Notices that the ice in the
cup melted into water. Puts
his fingers in the water, and
gestures to the teacher to come
over and feel the water.
•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

•

K-PS2 Motion and Stability: Forces and
Interactions

2.0 Changes in Nonliving Objects and Materials

Provide opportunities to observe and discuss
changes in matter (ice melting, cake cooking,
etc.).
• Prompt individual and group efforts to
discuss and record what occurred.
•

Teacher Actions That Can Elicit Student
Actions

Energy and Matter [CCC-5]
Stability and Change [CCC-7]

PS3.B – Sunlight warms Earth’s surface.

Statement: Examples of Earth’s surface could
include sand, soil, rocks, and water.]

Support for K-PS3-1
Make observations to determine the effect
of sunlight on Earth’s surface. [Clarification

PHYSICAL SCIENCE – CA NGSS
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Places two toy cars at the top of a ramp
and releases them at the same time.
Observes which one reaches the bottom
first.
• A child in a new wheelchair discovers
that it is more difficult to move on carpet
than on the floor and that he cannot roll on
sand: “If I roll into the sand, I’ll get stuck.”

Prompt analysis of situations where a push or a pull can
change motion (e.g., pushing a swing, pulling a cart).
• Prompt discussion and observations about how a rolling
ball or a toy car stops on different surfaces. Lead children
to discuss what is the same and what is different in each
test (e.g., whether you can give the same push and see
different outcomes and of how outcomes change with type
or slope of surface).
•

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]
Scale, Proportion, and Quantity [CCC-3]

Examples of problems requiring a solution could include
having a marble or other object move a certain distance,
follow a particular path, and knock down other objects.
Examples of solutions could include tools such as a ramp
to increase the speed of the object and a structure that
would cause an object such as a marble or ball to turn.]

works as intended to change the speed or direction of an
object with a push or a pull.* [Clarification Statement:

K-PS2-2. Analyze data to determine if a design solution

Statement: Examples of pushes or pulls could include
a string attached to an object being pulled, a person
pushing an object, a person stopping a rolling ball, and
two objects colliding and pushing on each other.]

the effects of different strengths or different directions of
pushes and pulls on the motion of an object. [Clarification

*The performance expectations marked with an asterisk integrate traditional science content with engineering through a Practice or Disciplinary Core Idea.

•

Blows through a straw on a
ping pong ball and discovers
it makes the ball move.
• A child with a new wheelchair demonstrates to her
peers how she uses the
ramp to go up and down
instead of using the stairs.

•

Example Student Actions

2.2 Demonstrate an increased ability
to observe and describe in greater
detail the motion of objects (in terms
of speed, direction, ways things move),
and to explore the effect of own actions
on the motion of objects, including
changes in speed and direction.

2.2 Observe and describe
the motion of objects (in
terms of speed, direction,
the ways things move),
and explore the effect of
own actions (e.g., pushing,
pulling, rolling, dropping)
on making objects move.

Example Student Actions

By the end of kindergarten

At around 60 months of age

At around 48 months of age
K-PS2-1. Plan and conduct an investigation to compare
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When talking about plant roots that we
eat, one child says, “potatoes,” another
says, “taros,” and another says, “yams.”
• Observes plants and identifies the
different parts (e.g., root, stem, buds,
leaves).
•

Looks at an informational book
and identifies which animals can
fly.
• Observes a cactus and tells a
friend, “They have needles. I got
poked once.”

•

Example Student Actions

1.1 Identify characteristics of a greater variety of animals and plants, and
demonstrate an increased ability to
categorize them.

1.1 Identify characteristics of a
variety of animals and plants,
including appearance (inside
and outside) and behavior, and
begin to categorize them.

Example Student Actions

At around 60 months of age

At around 48 months of age

1.0 Properties and Characteristics of Living Things

LIFE SCIENCE STRAND

Have children grow plants and small animals in the
classroom and observe and record observations about
them.
• Prompt discussion of plant and animal needs for
growth and health.
• Prompt discussion of human food needs and health.
•

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]

[Clarification Statement: Examples of patterns could
include that animals need to take in food but plants
do not; the different kinds of food needed by different
types of animals; the requirement of plants to have
light; and, that all living things need water.]

Use observations to describe patterns of what plants
and animals (including humans) need to survive.

Support for K-LS1-1.

By the end of kindergarten
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Example Student Actions

Explains, “We can walk with our legs
and birds fly with their wings.”
• Participates in discussion about the
outside and inside of the body. Touches
his arms and communicates, “I can feel
my skin, and inside my body I can feel
my muscles and bones.”

Example Student Actions

After running, touches his chest
to feel his heart beating.
• Makes the connection between
facial parts and senses (eyes
for vision, ears for hearing). For
example, covers her eyes and
says, “Now I can’t see.”
•

1.2 Indicate greater knowledge
of body parts and processes (e.g.,
eating, sleeping, breathing, walking)
in humans and other animals.

1.2 Begin to indicate knowledge
of body parts and processes
(e.g., eating, sleeping,
breathing, walking) in humans
and other animals.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Prompt observation and discussion of how humans
and animals use their body parts to meet their needs.
•

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]
Structure and Function [CCC-6]

[Clarification Statement: Examples of patterns
could include that animals need to take in food but
plants do not; the different kinds of food needed by
different types of animals; the requirement of plants
to have light; and, that all living things need water.]

Support for K-LS1-1.
Use observations to describe patterns of what plants
and animals (including humans) need to survive.
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Participates in building a nest. Using
tweezers collects twigs and leaves in the
yard: “Just like birds use their beaks.”
• Sorts photos of animals according to
those living in water, those living on
land, and those who can live in both
the water and on the land.
•

A child holds a worm and says,
“Where is the dirt? I want to put
him back.”
• While looking at a picture book of
different animals, child demonstrates
with his body how the fish and the
dolphins swim in the ocean.

•

Example Student Actions

K-ESS2-2. Construct an argument supported by
evidence for how plants and animals (including
humans) can change the environment to meet their
needs. [Clarification Statement: Examples of plants

1.3 Recognize that living things
have habitats in different environments suited to their unique needs.

1.3 Identify the habitats of
people and familiar animals
and plants in the environment
and begin to realize that living
things have habitats in different
environments.

Example Student Actions

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Provide opportunities to vary conditions for plants
being grown and support children to observe and
discuss differences in conditions and in outcomes for
the plants.
•

Teacher Actions That Can Elicit Student Actions

Systems and System Models [CCC-4]

[Clarification Statement: Examples of relationships
could include that deer eat buds and leaves, therefore,
they usually live in forested areas; and, grasses need
sunlight so they often grow in meadows. Plants,
animals, and their surroundings make up a system.]

K-ESS3-1. Use a model to represent the relationship
between the needs of different plants or animals
(including humans) and the places they live.

and animals changing their environment could
include a squirrel digs in the ground to hide its food
and tree roots can break concrete.]
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Example Student Actions

Communicates, “I had a
goldfish, but one day it got very
sick and died.”
• While playing in the yard, a child
hits a bush and a flower falls off.
The child communicates, “It will
grow again.”

Example Student Actions

Communicates, “My puppy is
going to get big, but this one
(showing toy) won’t.”
• While in the yard, points to a
lady bug and tells his friend, “It is
a real one! Look, it’s moving.”
•

Support for K-LS1-1. Use observations to describe patterns
of what plants and animals (including humans) need to
survive. [Clarification Statement: Examples of patterns

1.4 Indicate knowledge of the
difference between animate
and inanimate objects,
providing greater detail, and
recognize that living things
(humans, animals, and plants)
undergo biological processes
such as growth, illness, healing,
and dying.

1.4 Indicate knowledge of the
difference between animate
objects (animals, people) and
inanimate objects. For example,
expect animate objects to
initiate movement and to have
different insides than inanimate
objects.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Uses stories and activities to prompt discussion of patterns
and differences between living and non living things, and
between real and imagined abilities of objects and animals.
• Expands on children’s interest in babies (animal or human),
and observations of family members as well as of the plants
and animals in the classroom to prompt analysis of general
features of life cycles.
•

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]

could include that animals need to take in food but plants
do not; the different kinds of food needed by different types
of animals; the requirement of plants to have light; and,
that all living things need water.]
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•

Observes tadpoles closely and
communicates, “They are so much bigger
now. Later, the legs will come out. They
will be frogs.”
• Looks at the picture book The Tiny Seed
and retells the story in his home language
and some English, referring to pictures and
describing how the seed grew into a plant.
• Observes how a caterpillar makes a
chrysalis and then emerges as a butterfly.

•

Observes the beans she
is growing and makes a
prediction about how tall they
will grow.
• While singing and acting
out a song about “growth,”
pretends she is a plant and
demonstrates with her body
how the little seed grew into a
seedling and the seedling grew
into a tree.

Support for K-LS1-1. Use observations to describe
patterns of what plants and animals (including humans)
need to survive. [Clarification Statement: Examples

2.1 Observe and explore growth and
changes in humans, animals, and plants
and demonstrate an increased understanding that living things change as
they grow and go through transformations related to the life cycle (for example, from a caterpillar to butterfly).

2.1 Observe and explore
growth and changes in
humans, animals, and
plants and demonstrate an
understanding that living
things change over time in
size and in other capacities
as they grow.

Example Student Actions

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Example Student Actions

K-LS2

2.0 Changes in Living Things

Support student to develop ways to represent
change over time for a single organism observed in the
classroom.
• Prompt discussion of patterns of change in the life
of a particular type of plant or animal or of a human.
Encourage students to analyze the similarities and
differences between various species’ life cycles.
•

Teacher Actions That Can Elicit Student Actions

Structure and Function [CCC-6]
Stability and Change [CCC-7]

of patterns could include that animals need to take
in food but plants do not; the different kinds of food
needed by different types of animals; the requirement
of plants to have light; and, that all living things need
water.]
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Example Student Actions

In an experiment with plants,
children describe their observations:
“The plants near the window grew, but
the plants with no light became yellow.”
• Feeds the class pet fish, with adult
assistance, and explains, “We give
them special food just for fish but not
too much.”

Example Student Actions

Observes different types of seeds and
with the help of the teacher plants them
in dirt and waters them.
• While working in the garden, notices
the dry soil and tries to water the flowers.
• Communicates, “My baby sister was
very little, but now she is big because she
eats cereal.”
•

2.2 Develop a greater understanding
of the basic needs of humans, animals, and plants (e.g., food, water,
sunshine, shelter).

2.2 Recognize that animals and plants
require care and begin to associate
feeding and watering with the growth
of humans, animals, and plants.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Prompt discussion of animal needs and of
human needs and wants (distinguishing a need
from a desire).
•

Teacher Actions That Can Elicit Student
Actions

Patterns [CCC-1]

Examples of patterns could include that animals
need to take in food but plants do not; the
different kinds of food needed by different types
of animals; the requirement of plants to have
light; and, that all living things need water.]

K-LS1-1. Use observations to describe patterns
of what plants and animals (including humans)
need to survive. [Clarification Statement:
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Example Student Actions

In explorations of air, observes a
kite flying and communicates, “The
wind blows really hard and the kite
goes high into the clouds.”

Example Student Actions

Explains that sand and water are
needed to make a sand castle.
• Plays with rocks and discovers
that she can use a rock to draw on
a sidewalk.
•

1.1 Demonstrate increased ability
to investigate and compare
characteristics (size, weight,
shape, color, texture) of earth
materials such sand, rocks, soil,
water, and air.

1.1 Investigate characteristics
(size, weight, shape, color, texture) of earth materials such as
sand, rocks, soil, water, and air.

•

At around 60 months of age

At around 48 months of age

1.0 Properties and Characteristics of Earth Materials and Objects

EARTH SCIENCES STRAND

Prompt observation and analysis of how sunlight and
shade have different effects on different surfaces.
• Use discussion of observations of varied materials to help
students develop rich descriptive language and terminology
to describe matter properties
•

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]

PS3.B – Sunlight warms Earth’s surface.

the effect of sunlight on Earth’s surface. [Clarification
Statement: Examples of Earth’s surface could include
sand, soil, rocks, and water.]

Support for K-PS3-1. Make observations to determine

By the end of kindergarten
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•

Communicates, “When I looked
at the sky with my dad, I saw the
moon and it was round and big. I
saw the stars, too.”
• Communicates, “Sometimes when
I look at the sky at night, I see
only the moon, and sometimes I
see the moon and the stars.”

•

Records his observation of the
sky by drawing a picture. Refers
to his drawing and indicates or
points to, the sun and the clouds.
• Gestures toward the sky and
communicates in the home
language, “Last night I looked at
the sky and I saw the moon.”

2.1 Demonstrate an increased
ability to observe and describe
natural objects in the sky; begin
to notice how they appear to
move and change.

2.1 Observe and describe
natural objects in the sky
(sun, moon, stars, clouds) and
how they appear to move and
change.

Example Student Actions

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Example Student Actions

K-ESS2 Earth’s Systems

2.0 Changes in the Earth

Provide a rich environment with multiple opportunities
for children to become interested in, observe, and describe
phenomena in the natural world.
• Prompt student discourse and communication about their
observations.
•

Teacher Actions That Can Elicit Student Actions

[Clarification Statement: Examples of qualitative
observations could include descriptions of the weather
(such as sunny, cloudy, rainy, and warm); examples of
quantitative observations could include numbers of sunny,
windy, and rainy days in a month. Examples of patterns
could include that it is usually cooler in the morning than in
the afternoon and the number of sunny days versus cloudy
days in different months.]
Patterns [CCC-1]
Stability and Change [CCC-7]

weather conditions to describe patterns over time.

Support for K-ESS2-1. Use and share observations of local
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Example Student Actions

Observes the weather and makes a
prediction, “The sky is gray. I think it
is going to rain.”
• Observes the chart with the daily
recordings of the weather and communicates, “This week, it was sunny
every day.”

Example Student Actions

A child who is hearing impaired
looks through the window and
communicates in sign language,
“It is raining.”
• Communicates, “It is windy.
The wind is blowing my hair.”
•

2.2 Demonstrate an increased
ability to observe, describe, and
discuss changes in weather.

2.2 Notice and describe
changes in weather.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

•

Prompt observations, records, and discussions of weather.

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]

Statement: Examples of qualitative observations could
include descriptions of the weather (such as sunny, cloudy,
rainy, and warm); examples of quantitative observations
could include numbers of sunny, windy, and rainy days in a
month. Examples of patterns could include that it is usually
cooler in the morning than in the afternoon and the number of sunny days versus cloudy days in different months.]

K-ESS2-1. Use and share observations of local weather
conditions to describe patterns over time. [Clarification
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When students make spontaneous observations
or ask questions about the weather or other natural
events, provide opportunities for elaborations, and
follow up with opportunities to investigate and
discuss the phenomena further through activities or
stories.
•

Teacher Actions That Can Elicit Student Actions

Patterns [CCC-1]
Stability and Change [CCC-7]

[Clarification Statement: Examples of Earth’s
surface could include sand, soil, rocks, and water.]

Support for K-PS3-1. Make observations to
determine the effect of sunlight on Earth’s surface.

local forms of severe weather.]

*The performance expectations marked with an asterisk integrate traditional science content with engineering through a Practice or Disciplinary Core Idea.

On arrival in the morning,
communicates, “It was so foggy. We
couldn’t see through the window.”
• Communicates, “In the winter I
wear a jacket and in the summer
when it is hot, I wear shorts.”
•

Example Student Actions

Example Student Actions

In the dramatic play area, pretends it
is a rainy day, puts on boots and a coat,
and carries an umbrella.
• While playing outside on a sunny day,
touches the slide and communicates,
“The sun makes it hot, very hot.”

2.3 Demonstrate an increased
ability to notice and describe the
effects of weather and seasonal
changes on their own lives and on
plants and animals.

2.3 Begin to notice the effects of
weather and seasonal changes on
their own lives and on plants and
animals.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Support for K-ESS3-2. Ask questions to obtain
information about the purpose of weather
forecasting to prepare for, and respond to, severe
weather.* [Clarification Statement: Emphasis is on
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Example Student Actions

Uses recycling bins more independently.
May remind another child to put a paper
towel in the blue recycling box.
• Reminds a friend to turn off the faucet,
“so we do not waste water.”

Example Student Actions

Helps the teacher to sort
recyclable items such as
papers, bottles, and cans.
• Turns off the faucet after
washing his hands.

Chapter 2

Use the classroom, outside play areas, and nearby parks
as places where students observe, discuss, and make
decisions about actions to maintain a healthy and attractive
environment for themselves and for others.
• Engage students in discussions of the resources they use
and where they come from.
•

Teacher Actions That Can Elicit Student Actions

Systems and System Models [CCC-4]

*The performance expectations marked with an asterisk integrate traditional science content with engineering through a Practice or Disciplinary Core Idea.

•

K-ESS3-3. Communicate solutions that will reduce the
impact of humans on the land, water, air, and/or other
living things in the local environment.* [Clarification

2.4 Demonstrate an increased
awareness and the ability to discuss
in simple terms how to care for the
environment, and participate in
activities related to its care.

2.4 Develop awareness
of the importance of
caring for and respecting
the environment, and
participate in activities
related to its care.

•

By the end of kindergarten

At around 60 months of age

At around 48 months of age

Statement: Examples of human impact on the land
could include cutting trees to produce paper and using
resources to produce bottles. Examples of solutions could
include reusing paper and recycling cans and bottles.]
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Introduction to Kindergarten Through Grade Two
Students in kindergarten through fifth grade begin to
develop an understanding of the four disciplinary core ideas:
physical sciences; life sciences; Earth and space sciences; and
engineering, technology, and applications of science. In the
earlier grades, students begin by recognizing patterns and
formulating answers to questions about the world around them.
The performance expectations in elementary school grade
bands develop ideas and skills that will allow students to
explain more complex phenomena in the four disciplines as
they progress to middle school and high school. While the
performance expectations shown in kindergarten through
fifth grade couple particular practices with specific disciplinary
core ideas, instructional decisions should include use of many
practices that lead to the performance expectations.
— NGSS Lead States, Next Generation Science Standards
for States By States.

W

hen children arrive on the first day of school in kindergarten, they
are already scientists and engineers. Children are naturally curious
about the world, motivated to learn about it, and anxious to find

ways to make it better. Early elementary teachers cultivate this curiosity and
give students foundations for implementing the science and engineering
practices (SEP) in later grades. The SEPs, like all three dimensions of the

California Next Generation Science Standards (CA NGSS), build in complexity
in an age-appropriate manner and look very different in K–2 than they do
in high school. Appendixes E, F and G of the national version of the Next
Generation Science Standards (NGSS) outline these progressions for each
dimension and table 3.1 shows one way to interpret the SEPs for grades
K–2. Children use these practices to understand everyday life events
(phenomena), and CA NGSS-aligned instruction should begin with and be
based around these real-world experiences. In particular, K–2 instruction
focuses on recognizing patterns [CCC-1] in what students observe. Under
the learning progressions in the CA NGSS, these patterns will be explained in
2016 California Science Framework
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later years, leaving early elementary students to focus on exuberant exploration with their
senses and early attempts at making sense of what they discover.
The CA NGSS do not specify which phenomena to explore or the order in which to
address topics because phenomena need to be relevant to the students that live in each
community and should flow in an authentic manner. This chapter illustrates one possible set
of phenomena that will help students achieve the CA NGSS performance expectations (PEs).
The phenomena chosen for this statewide document will not be ideal for every classroom
in a state as large and diverse as California. Teachers are therefore encouraged to select
phenomena that will engage their students and use this chapter’s examples as inspiration
for designing their own instructional sequence.
In this framework, overarching phenomena that frame entire sequences of instruction
are called anchoring phenomena while smaller and more focused phenomena are called
investigative phenomena. While all phenomena ideally should be relevant to students’
lives, cultures, and experiences, sometimes instruction draws attention to specific
events that occur as everyday phenomena. Some phenomena introduce challenges that
require engineering solutions, and in these cases it makes sense to focus on the anchor,
investigative, or everyday problem rather than the phenomenon itself.
In this chapter’s examples, each year is divided into instructional segments (IS) centered
on questions about observations of a specific anchoring phenomenon. Different phenomena
require different amounts of investigation to explore and understand, so each instructional
segment should take a different fraction of the school year. As students achieve the
performance expectations within the instructional segment, they uncover disciplinary core
ideas (DCIs) from the different disciplines of science (physical science, life science, and

Earth and space science) and engineering. Students engage in multiple practices in each
instructional segment, not only those explicitly indicated in the performance expectations.
Students also focus on one or two crosscutting concepts (CCCs) as tools to make sense
of their observations and investigations; the CCCs are recurring themes in all disciplines of
science and engineering and help tie these seemingly disparate fields together.
The SEPs, DCIs, and CCCs grow in sophistication and complexity throughout the K–12
sequence. While this chapter calls out examples of the three dimensions in the text using
color-coding, each element should be interpreted with this grade-appropriate complexity
in mind (appendix 1 of this framework clarifies the expectations at each grade span in the
developmental progression).
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Table 3-1. Age Appropriate Science and Engineering Practices
AS STATED IN STANDARDS

ADAPTED FOR K–2

Asking questions (science)/Defining
problems (engineering)

Wondering (science)/Deciding the “rules”
(engineering)

Developing and using models

Drawing diagrams and building models to
represent how things work.

Planning and carrying out investigations

Doing “exploriments”

Analyzing and interpreting data

Comparing and looking for patterns

Using mathematical and computational
thinking

Counting and measuring

Constructing explanations (science)/
Designing solutions (engineering)

Describing what happened (science)/
Tinkering (engineering)

Engaging in argument from evidence

“I think ____ because I see or know ____.”

Obtaining, evaluating, and communicating
information

Writing, drawing, or talking (acting
out) about what we know, read, and
understand about new discoveries (things)
(ELA connections)

How can science fit into an early elementary teacher’s busy agenda? This document
explicitly illustrates strategic connections across the disciplines (mathematics, English
language arts, history/social science, arts, and health). While these integrations are crucial,
specific time must be devoted to science itself as students directly engage in the SEPs
to explore their world. The common experiences students share provide a platform that
supports language development and motivates mathematics, accelerating progress in those
fields rather than detracting from them.
As teachers design their own instructional segments, they should consider the amount
of observable data students need to collect across a certain time period in order to observe
relevant patterns [CCC-1] from the data. For example, IS4 in kindergarten focuses on
weather and climate investigations. To be successful, weather observation should be carried
out over different times during the year to allow for some variability in weather conditions.
To broaden the scope of data, teachers can creatively engage families and expandedlearning programs to build upon classroom learning experiences.
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Kindergarten
Kindergarten may be students’ first experience with classroom learning of science, but
they have been exploring the world around them since birth. Students’ natural curiosity
and questions are the initial basis for science instruction and must be used, developed, and
refined. Each of the instructional segments in this grade-level description is framed around
phenomena that students can directly experience, observe, and question: What do plants
and animals need to survive? Why do certain plants and animals live in our community? Will
it be hot tomorrow? What happens when two toy trucks crash?
Table 3.2 shows one possible sequence for arranging science instruction in kindergarten.
Teachers and districts can plan any sequence that meets their local needs, but there are
some constraints to consider. The first two instructional segments are closely related
and discuss the relationship between organisms and their environment. The instructional
segment on weather, IS3, requires periodic weather observations prior to the instructional
segment. Instructional segment 3 must therefore be placed late enough in the school year
that students have recorded a variety of weather conditions. Collecting weather data also
allows teachers to emphasize the importance of water for living things as they discuss IS1
and IS2. Instructional segment 4 asks students to relate the motion of objects to pushes
and pulls. While very tangible, talking about these forces requires the most sophisticated
language and this segment is saved for later in the year when students are ready to face
this challenge.
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Table 3-2. Overview of Instructional Segments for Kindergarten

1

Plant and Animal Needs
Students observe plants and animals directly and
through books and media to discover patterns in what they
need to survive. They distinguish between plants and animals
based on these needs. They describe how organisms meet
their needs using resources from their surroundings.

2

Plants and Animals Change Their Environment
Students gather evidence about how organisms can
directly change their environment. They focus especially
on human impacts by gathering information about ways to
reduce those impacts. They communicate their solutions.

3

Weather Patterns
Students observe the weather to spot patterns in the
rhythm of the seasons and of the day. They investigate the
effects of the Sun on the Earth and design a shelter for shade.

4

Pushes and Pulls
Students explore how pushes and pulls speed objects
up, slow them down, or change their direction. They design
solutions to schoolyard challenges such as moving heavy
boxes and protecting a block structure from an oncoming ball.

Sources: Labuda 2014; Nightingale 2009; Hodan n.d.; Virginia State Parks 2011

Kindergarten Instructional Segment 1: Plant and Animal Needs
When children come to kindergarten, they recognize that living things differ
from nonliving ones, that plants differ from animals, and that certain plants and
animals belong in certain places on Earth. When pressed to describe or explain these differences, however, their responses are often inconsistent and not aligned with scientific ideas.
Kindergarten science instruction helps children make sense of these categories by employing their keen eye for detail and passionate desire to observe. While observing the bodies
and behaviors of plants and animals, children notice patterns in what living things need
to survive and grow. During the instructional segment, they develop the language tools to
articulate what they see and collaboratively refine what they know.
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KINDERGARTEN INSTRUCTIONAL SEGMENT 1: PLANT AND ANIMAL NEEDS
Guiding Questions
• How do we know that something is alive?
• What do animals and plants need to survive?
• Does what they need affect where they live?
Performance Expectations
Students who demonstrate understanding can do the following:
K-LS1-1. Use observations to describe patterns of what plants and animals (including humans)
need to survive. [Clarification Statement: Examples of patterns could include that animals
need to take in food but plants do not; the different kinds of food needed by different types
of animals; the requirement of plants to have light; and, that all living things need water.]
K-ESS3-1. Use a model to represent the relationship between the needs of different plants
or animals (including humans) and the places they live. [Clarification Statement: Examples
of relationships could include that deer eat buds and leaves, therefore, they usually live in
forested areas; and, grasses need sunlight so they often grow in meadows. Plants, animals,
and their surroundings make up a system.]
K-ESS3-3. Communicate solutions that will reduce the impact of humans on the land, water,
air, and/or other living things in the local environment.* [Clarification Statement: Examples of
human impact on the land could include cutting trees to produce paper and using resources
to produce bottles. Examples of solutions could include reusing paper and recycling cans and
bottles.]
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.C: Organization for
Matter and Energy Flow in
Organisms

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

[CCC-4] Systems and
System Models

ESS3.A: Natural Resources

[SEP-8] Obtaining, Evaluating,
and Communicating Information
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The continuation and health of individual human lives and of human
communities and societies depend on the health of the natural systems that provide essential
goods and ecosystem services.
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KINDERGARTEN INSTRUCTIONAL SEGMENT 1: PLANT AND ANIMAL NEEDS
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: MP. 2, 4, K.CC.1–3, K.MD.2–3
CA CCSS for ELA/Literacy Connections: MP. 2, 4, K.CC.1–3, K.MD.2–3
CA ELD Standards Connections: ELD.PI.K.3

The DCIs for this segment are developmentally appropriate for kindergarten. Students
learn that plants need water and light to live and grow and that animals need food. Animals
obtain food from plants or other animals. Students also learn that organisms survive and
thrive in places that have the resources they need. Simply knowing these core ideas is not
sufficient for meeting the performance expectation; K-LS1-1 requires that students identify patterns [CCC-1] in the needs of different organisms. It is not possible to identify a
pattern unless students observe and compare multiple observations of living things. The
process of integrating multiple observations and looking for patterns constitutes analyzing
data [SEP-4] in the K–2 grade band.

Students can observe living things directly in the classroom, on the schoolyard, and through
media. Media (including books, print articles, and digital resources) expose students to a wide
variety of organisms. Classroom pets such as birds, rodents, reptiles, fish, or even ant farms
allow students to notice consistent patterns over time (i.e., the fish needs to be fed every day
or the rodent spends most of its waking time eating). With pets, teachers must be mindful of
district policies and allergies. Students can observe plants, insects, and other critters on their
schoolyard. They can also grow their own seeds in cups or in an outdoor garden space.
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Opportunities for ELA/ELD Connections
After students observe plants and animals in a variety of settings (e.g., ant farms, fish in an
aquarium, plants growing, insects in a jar), the teacher asks them to share their thoughts
about what the plants and animals need using expressions like, “I think…” and “I agree
with….” To help summarize patterns [CCC-1] in the needs of plants and animals,
teachers can list all of the needs the class has discussed on the board using words
and pictures/symbols (e.g., sun, water, food). Students, individually or with a partner,
draw a picture of a plant on one half of a piece of paper, and an animal on the other
half. Then they draw and/or write the needs of the plant and of the animal next to each
picture. Students can verbally complete the sentence frame, “Plants are different from
animals because _________.” This concept is important because scientists distinguish plants
from animals based on what they need: animals need to consume food while plants do not,
although plants do need nutrients. Students can represent this idea with a Venn diagram.
CA CCSS for ELA/Literacy Standards: W.K.2, 8; SL.K.1, 4, 5; L.K.5c
CA ELD Standards: ELD.PI.K.3

Once students have identified patterns about what plants need to survive, they can test
out their idea by taking several identical plants that have already sprouted and deprive them
of water, light, both, or neither. Based on their model [SEP-2] of what plants need, which
do they predict will survive? Students will plan their own investigation of this question in
grade two (2-LS2-1).

Mathematics Connections
Kindergarten students use attributes to sort objects (CA CCSSM K.MD.3). For example,
a large portion of IS1 involves sorting plants and animals based on patterns in
their needs. Students can sort organisms based on whether they are a plant or an
animal, whether they live on water or land, and whether an animal eats only plants,
only animals, or both.
CA CCSSM: MP. 2, K.CC.1-3, K.MD.2-3

While all plants and all animals share common features, there are also important
differences between types of organisms. Different plants require different amounts of water
(such as a fern that requires lots of water versus a cactus that requires very little). Different
animals prefer different types of foods. For example, some animals only eat plants while
others only eat animals, and others eat both. Students can use their background knowledge
and observations from media to match specific animals to the food sources that they eat.
Teachers can then ask questions such as, What will happen if a deer that eats only grass
tries to live in a desert where cacti are the main plants?
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Kindergarten Snapshot 3.1:
Matching Environment and Needs
Anchoring phenomenon: Rivers have a wide variety of plants and animals that
live near them (observed on a virtual field trip from videos and photographs).

Mrs. J took her students on a virtual field trip of California’s notable river
and lake habitats using videos and photographs. Mrs. J guided the students
in a collaborative discussion about what they already know about rivers and
lakes and recorded their comments. The class then observed features of
these habitats on alphabet cards called R is for River and L is for Lake from the California
Education and the Environment Initiative (EEI) curriculum unit The World Around Me.
Students imagined they were explorers traveling down a river and observing a variety
of plants, animals, and human activities on their River and Lake information cards (1–10).
Working in pairs, they obtained and evaluated information [SEP-8] about the animals
and plants, as well as the places they live. Students then communicated [SEP-8] their
findings with the whole class. Mrs. J asked follow-up questions: What do the animals and
plants need to survive? If it is an animal, does it eat plants or other animals? Where does
it live? (e.g., in a river, lake, or on the land nearby.) Why do you think it lives in that spot?
Would it be able to survive somewhere else? She ensured that each student could explain
[SEP-6] how the place a plant or animal lives is related to its specific needs for survival
(K-ESS3-1). After all students shared, Mrs. J asked students to describe patterns [CCC-1]
in the needs (K-LS1-1). Is there any need that every single one of the plants and animals
shared? Students recognized water as a common link, and that the plants and animals can all
get it by living near the river or lake. Mrs. J inquired, “Do people need water?” Even though
the children do not live near a river or lake, Mrs. J described that they rely on water from
natural systems to survive (California’s Environmental Principles and Concepts [EP&C I]).
Mrs. J had students draw pictures showing that our faucets take water from rivers or lakes
to meet our needs, and that our drains and toilets eventually return that water back to
natural systems after it is cleaned in a water treatment plant (EP&C IV).
Mrs. J asked two follow-up questions: When we traveled down the river did you see
any places that were changed by people’s activities? Do you think that those changes
affect the animals and plants that live there? She explained that many things people do
affect the places where plants and animals get what they need to survive (EP&C II).
Resources:
California Education and the Environment Initiative. 2013. The World Around Me.
Sacramento: Office of Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/
ch3.asp#link1
This snapshot is part of a multi-day lesson sequence available online at: California
Education and the Environment Initiative. 2016. “Kindergarten Vignette: Needs of
Animals and Plants and their Environment.” Sacramento: Office of Education and the
Environment. http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link2
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Students should begin to group plants and animals together based upon their similar
environmental needs (water, sunlight) and the availability of their preferred food sources.
For example, students might read a story about the grasslands of Africa where a gazelle
eats grass and then a lion eats the gazelle. Students should be able to explain [SEP-6]
why each animal lives in that particular spot in Africa. Their answers should identify a
specific need that is met by that location (either an environmental condition such as the
grass lives there because it gets the sunlight and water that it needs, or a food source
such as the lion lives there because it eats the gazelles there). Once students master the
relationships of simple groups of organisms like the African grassland, teachers can focus
on living things close to their school. What plants grow well in the weather in their city?
What animals will eat those plants, and what animals will eat those animals? Teachers
and students can decorate the four corners of their classrooms to look like the landscape
of regional environments. They can read stories (fictional and informational) set in those
environments. They can modify the decorations as the seasons change (connecting to IS3).
Students will build on their model of the relationship between the needs of organisms
and their environmental conditions in grade three when they explore what happens when
the environment changes (3-LS4-4) and in grade five when they examine the specific flow of
energy and matter (5-LS2-1).

Kindergarten Instructional Segment 2:
Animals and Plants Can Change Their Environment
Even though all organisms rely on the environment to get the things they need,
many organisms also have the power to change their environment to make it even better
at meeting their needs. Since everything is connected in systems, changes by one organism
affect all the others. The content in this segment flows from IS1, but is split apart as a separate segment partly to emphasize humans as an agent of change (ESS3.C).
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KINDERGARTEN INSTRUCTIONAL SEGMENT 2:
ANIMALS AND PLANTS CAN CHANGE THEIR ENVIRONMENT
Guiding Questions
• How do animals and plants change their environment to survive?
• What do we (humans) do that changes our environment?
• What can we do to modify our impact on the environment?
Performance Expectations
Students who demonstrate understanding can do the following:
K-ESS2-2. Construct an argument supported by evidence for how plants and animals (including
humans) can change the environment to meet their needs. [Clarification Statement: Examples
of plants and animals changing their environment could include a squirrel digs in the ground
to hide its food and tree roots can break concrete.]
K-ESS3-3. Communicate solutions that will reduce the impact of humans on the land, water,
air, and/or other living things in the local environment.* [Clarification Statement: Examples of
human impact on the land could include cutting trees to produce paper and using resources
to produce bottles. Examples of solutions could include reusing paper and recycling cans and
bottles.]
K–2-ETS1-1. Ask questions, make observations, and gather information about a situation
people want to change to define a simple problem that can be solved through the
development of a new or improved object or tool.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

ESS2.E: Biogeology

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-7] Engaging in
Argument from Evidence

ESS3.C: Human Impacts on Earth
Systems
ETS1.A: Defining and Delimiting
Engineering Problems

[CCC-4] Systems and
System Models

ETS1.B: Developing Possible
Solutions
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
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KINDERGARTEN INSTRUCTIONAL SEGMENT 2:
ANIMALS AND PLANTS CAN CHANGE THEIR ENVIRONMENT
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: K.MD.3
CA CCSS for ELA/Literacy Connections: RI.K.1, 2, 10; SL.K. 2, 3, 5; W.K.2, 7, 8; L.K.1, 2
CA ELD Standards Connections: ELD.PI.K.2, 5, 6; ELD.PII.K.3

Students begin by walking around their schoolyard looking for ways in which plants and
animals are changing the ecosystem. Students might notice a squirrel digging in the ground
to hide a nut, ants piling up dirt outside a hole, a bird pulling a twig off a branch for its nest,
a tree root pushing up a sidewalk, or a large bush blocking the sunlight of a smaller bush.
While animals are active and it is easier for students to think of them as making
changes, students should also notice how plants change their environment. Some of the
best evidence that plants make changes comes by comparing soil under plants to a patch of
soil that does not have plants. Without plants, some soils can blow away in the wind. Plant
roots change the environment and prevent soil from blowing or washing away. A patch of
dirt might be dry because it lacks plants whose roots draw up moisture from deep below
the surface and whose leaves shade the surface from the sunlight that dries it up. But bare
dirt is not always loose—it can sometimes get hard and compacted. After a rainstorm, a
patch of this hard dirt might be much muddier than soil near plants because it is hard for
water to soak into soil that is hard and compacted. Students can notice these differences
and ask questions [SEP-1] about why some bare dirt is loose and some is hard. A plant’s
roots sometimes act like a net to hold soft soil together, but other times they break hard soil
apart, which allows water to soak in. A few pioneering weeds will be the first to send roots
into that hard soil, slowly changing it. To draw attention to plant-related impacts, teachers
can ask, Why do you think the sidewalk is raised or broken near the trees on the sidewalk?
or After a rainstorm, why does mud run into the gutter from an empty lot, but not from
a yard with lawn? Teachers scaffold student responses using simple sentence frames that
emphasize the cause and effect relationships [CCC-2] (I think the ____ caused the ____).
Students can represent the changes [CCC-7] by drawing two side-by-side pictures showing
a before and after comparison of what the environment looked like before the change and
what it looks like now.
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Not every schoolyard has abundant nature visible, so teachers will have to do their best by
finding short video clips and reading stories that illustrate ways in which animals and plants
change their environment. For example, students can watch online videos of woodpeckers
pecking holes in trees. Teachers encourage students to ask questions [SEP-1] about what
they see, encouraging their natural curiosity. To address the question, Why is it pecking?,
a teacher can ask students what ideas they have. After recording student responses,
teachers emphasize that all of these possibilities relate to meeting the woodpecker’s need
for survival. It turns out that different woodpecker species peck for different reasons, but
students can look for evidence in the videos for different species. A pileated woodpecker
stops pecking periodically to eat bugs while an acorn woodpecker pecks a deep hole near
several other holes that have acorns stuffed inside because it stores its food for the winter.
With all those holes, students wonder, Does it hurt the trees? While some woodpeckers
target trees that are already dead, others prefer live trees so that they can eat the sap and
insects that feed on the sap. So the answer depends on how many woodpeckers there are
and how many holes they drill. This idea allows teachers to transition into issues about
human effects on the natural environment (ESS3.C).

Kindergarten Snapshot 3.2: Resource Systems
Many changes that animals make to the environment benefit other
organisms, but humans can modify the environment on such a large scale
[CCC-3] that sometimes the changes affect other organisms including other
people. Humans alter the environment when they extract natural resources
for making products and when they produce the energy needed to make those items
(EP&C II). In this snapshot, students obtain, evaluate, and communicate information
[SEP-8] about the relationship between everyday objects, the natural resources that are
needed to produce them, and how using those resources can affect the natural systems
where they are found (EP&Cs I and IV).
Everyday phenomenon: Paper can be recycled.

Ms. W walked over to the blue bin for recycled paper in her classroom and asked what
could go in it. She then led a discussion about what students know about the questions:
What is paper made of? and What does it mean to recycle it? Ms. W distributed three
information cards to students with the labels Paper, Logs, and Trees. Ms. W led a class
conversation about the photographs on the cards and students discussed how the objects
relate to one another. Ms. W wanted to introduce the concept that paper is a resource that
comes from trees that grow in forests. To scaffold this process, she had students arrange
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the cards in a sequence of which came first and had students use verb phrases (CA ELD
PII.K.3) to describe how trees became logs (cut) and how logs became paper (ground
up in a factory). To reinforce both the concepts and the language development, she read
a poem that used some of these verb phrases with vivid imagery. Students repeated the
discussion for cards labeled “Bread-Wheat-Soil” and “School Building-Sand/ConcreteRiver.” Ms. W emphasized that there is a pattern [CCC-1] by asking students to sort the
cards into categories (CA CCSSM K.MD.3): “Object I use,” “Material to make the object,”
and “Natural system.” People use materials [CCC-5] from one category to make another,
so each group of cards represents a separate system [CCC-4] . Ms. W had students
complete a simple sentence describing a cause and effect relationship [CCC-2] within
each system, such as When we use paper, we affect _____, or When we build _____, we
take sand from rivers.
Ms. W asked the students to work in pairs to think about the question, What happens
if we cut down too many trees in a forest? As they began to recognize that using things
like paper in their daily lives affects the natural systems those resources come from,
students started to develop an understanding of the essence of California EP&C II—
people influence natural systems.
Resources:
California Education and the Environment Initiative. 2013. A Day in My Life. Sacramento:
Office of Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch3.
asp#link3
Wilson, Fred. 2013. “Sticks, Sticks, Pick up Sticks.” In A Day in My Life, edited by California
Education and the Environment Initiative. Sacramento: Office of Education and the
Environment. http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link4

Engineering Connection — Reduce, Reuse, Recycle
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Once students understand that producing everyday objects affects natural systems, they
can begin to come up with solutions [SEP-6] that reduce the effects (K–2-ETS1-1).
For example, students can brainstorm ways that they can save water or paper.
Their solutions probably fall into the categories of reducing, reusing, or recycling,
so teachers can introduce these terms and help students categorize their suggestions. Students might come up with systems for reusing materials in the classroom or
design a way to capture wasted water in their classroom sink. To
duc
Re
communicate [SEP-8] their solutions (K-ESS3-3), students can draw
a picture of one of their ideas and then choose the appropriate label
for their suggestion (reduce, reuse, or recycle). Students should be
able to identify the natural system that benefits from the action and
explain [SEP-6] how their solution will help).
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Opportunities for ELA/ELD Connections
Select four or five books about different ecosystems to read aloud to the class. For
example, the series about living in a biome by Carol L. Linden has numerous topics
such as Life in a Forest, Life in an Ocean, Life in a Desert, Life in a Stream,
Life in a Rain Forest, and Life in a Pond. As each book is read, prompt student
engagement using similar questions about the biome, for example: What does ____
(animal or plant) need to survive? Where does ____ live? How does ____ change their
environment? Divide students into small groups, with each group assigned a different
book, to compose (through dictation and/or pictures) an explanatory piece about their
biome, including some text-based details.
CA CCSS for ELA/Literacy Standards: RI.K.1, 2, 10; SL.K. 2, 3, 5; W.K.2, 7, 8; L.K.1, 2
CA ELD Standards: ELD.PI.K.2, 5, 6

Sample Integration of Science and ELD Standards
in the Classroom
Students use pictures, drawings, and observations of natural events to construct an
argument based on evidence about how plants and animals (including humans)
can change the environment to meet their needs (K-ESS2-2). They sequence
events and compare predictions (based on prior experiences, such as having picked
fruit from a tree to eat or having collected and used water from different sources for
different purposes) to what occurred (observable events), such as seeing birds gathering
materials to build nests and drinking water from puddles, squirrels storing food, and tree
roots breaking the concrete of sidewalks. As they work as a class and in small groups,
they ask questions of one another and respond to others in order to identify details and
patterns that support their claims.
CA ELD Standards: ELD.PI.K.5
Source: Lagunoff et al. 2015, 214–215
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Kindergarten Instructional Segment 3: Weather Patterns
Weather is something that every child experiences and can observe. Students
are naturally motivated to ask, “Is it too rainy to play outside today?” or “Do I
need my hat today?” With this relevance in mind, students can record the weather each day
and begin to see patterns [CCC-1] over time.
KINDERGARTEN INSTRUCTIONAL SEGMENT 3: WEATHER PATTERNS
Guiding Questions
• What is the weather like today and how it is different from yesterday?
• Can I predict tomorrow’s weather?
• What happens when the Sun shines on different objects?
• How can I protect myself from the sunlight?
• How do we prepare for severe weather?
Performance Expectations
Students who demonstrate understanding can do the following:
K-ESS2-1. Use and share observations of local weather conditions to describe patterns over
time. [Clarification Statement: Examples of qualitative observations could include descriptions
of the weather (such as sunny, cloudy, rainy, and warm); examples of quantitative
observations could include numbers of sunny, windy, and rainy days in a month. Examples
of patterns could include that it is usually cooler in the morning than in the afternoon and
the number of sunny days versus cloudy days in different months.] [Assessment Boundary:
Assessment of quantitative observations limited to whole numbers and relative measures
such as warmer/cooler.]
K-ESS3-2. Ask questions to obtain information about the purpose of weather forecasting to
prepare for, and respond to, severe weather.* [Clarification Statement: Emphasis is on local
forms of severe weather.]
K-PS3-1. Make observations to determine the effect of sunlight on Earth’s surface.
[Clarification Statement: Examples of Earth’s surface could include sand, soil, rocks, and
water] [Assessment Boundary: Assessment of temperature is limited to relative measures
such as warmer/cooler.]
K-PS3-2. Use tools and materials to design and build a structure that will reduce the
warming effect of sunlight on an area.* [Clarification Statement: Examples of structures could
include umbrellas, canopies, and tents that minimize the warming effect of the Sun.]
K–2-ETS1-1. Ask questions, make observations, and gather information about a situation
people want to change to define a simple problem that can be solved through the
development of a new or improved object or tool.
K–2-ETS1-2. Develop a simple sketch, drawing, or physical model to illustrate how the shape
of an object helps it function as needed to solve a given problem.
K–2-ETS1-3. Analyze data from tests of two objects designed to solve the same problem to
compare the strengths and weaknesses of how each performs.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
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KINDERGARTEN INSTRUCTIONAL SEGMENT 3: WEATHER PATTERNS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS3.B: Conservation
of Energy and Energy
Transfer

[CCC-1] Patterns

[SEP-2] Developing and Using
Models
[SEP-3] Planning and Carrying Out
Investigations
[SEP-4] Analyzing and Interpreting
Data
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-8] Obtaining, Evaluating, and
Communicating Information

ESS2.D: Weather and
Climate
ESS3.B: Natural Hazards

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-6] Structure and
Function

ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing
Possible Solutions
ETS1.C: Optimizing the
Design Solution

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: K.CC.5–6; K.MD.2-3, 10; K.G.1
CA CCSS for ELA/Literacy Connections: L.K.5c, 5d, 6; W.K.2, 3, 8; SL.K.1, 4, 5, 6
CA ELD Standards Connections: PI.K.A.1, PI.K.A3, PI.K.C.9

In the CA NGSS, DCIs are revisited many times at an increasing level of complexity. By
the end of high school, students will have developed a model of Earth’s energy balance and
how it relates to the flow of water and air that drives atmospheric and ocean circulation.
But at the beginning of the journey, students are solely expected to notice. They notice
that weather varies from day to day and wonder about what causes it. They also recognize
that these variations are not random; the consistent rhythms of the day and the seasons
show patterns [CCC-1] that students can explicitly identify.
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Because weather varies, patterns are sometimes hard to recognize in small data sets.
Students are much more likely to be able to recognize patterns when they collect data
consistently over a long period of time. Teachers must select a weather variable that is
locally relevant and have students record observations about it. The data recorded each
day should probably be qualitative, such as keeping track of the clothing that is most
appropriate for recess each day (e.g., short sleeves, long sleeves, a warm coat, or a rain
jacket) or choosing the appropriate weather icon after lunch (e.g., sunny, partly cloudy,
foggy, windy, rainy, etc.). Students could also keep track of the number of days that meet a
certain locally relevant criteria such as number of foggy mornings (for coastal communities),
rainy days (for Northern California), or afternoons above 95°F (for desert communities).
These observations need to begin long before the actual instructional segment on weather
so that students have accumulated enough data to recognize and describe patterns
(K-ESS2-1). Animals have grown to depend on these patterns to survive, so teachers can
draw connections to life science concepts from earlier in the course. Humans, too, have
built cities depending on these patterns and face challenges when these regular cycles are
interrupted (EP&C III).

Opportunities for Mathematics Connections
Students can count [SEP-5] and compare [SEP-4] (CA CCSSM K.CC.5, K.MD.3) the
number of days meeting the criteria within a certain month to recognize seasonal
patterns. The California Common Core State Standards for mathematics (CA CCSSM)
do not require students to be able to represent data using picture or bar graphs until
grade two (CA CCSSM 2.MD.10), but students in kindergarten should be able to look at
a picture graph and decide which categories have the most days and the least days that
meet the criteria (CA CCSSM K.CC.6).
CA CCSSM: K.CC.5–6

Students can record the temperature at the same time of day, several times a day for a
week to spot another important weather pattern [CCC-1] . On most days, the temperature
at the end of the school day is warmer than the temperature at the beginning of the school
day. Students should be able to describe this pattern (K-ESS2-1) and ask questions [SEP-1]
about what causes it. Students can claim based on past experience that the Sun causes
[CCC-2] this daily warming, and in kindergarten they now collect observations [SEP-4]

that support that argument [SEP-7] (K-PS3-1). They also undergo a design challenge to
reduce the effect of sunlight (K-PS3-2).
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KINDERGARTEN VIGNETTE 3.1: MADE FOR THE SHADE
Performance Expectations
Students who demonstrate understanding can do the following:
K-PS3-1. Make observations to determine the effect of sunlight on Earth’s surface.
[Clarification Statement: Examples of Earth’s surface could include sand, soil, rocks, and
water] [Assessment Boundary: Assessment of temperature is limited to relative measures
such as warmer/cooler.]
K-PS3-2. Use tools and materials to design and build a structure that will reduce the
warming effect of sunlight on an area.* [Clarification Statement: Examples of structures could
include umbrellas, canopies, and tents that minimize the warming effect of the Sun.]
K-2-ETS1-1. Ask questions, make observations, and gather information about a situation
people want to change to define a simple problem that can be solved through the
development of a new or improved object or tool.
K-2-ETS1-2. Develop a simple sketch, drawing, or physical model to illustrate how the shape
of an object helps it function as needed to solve a given problem.
K-2-ETS1-3. Analyze data from tests of two objects designed to solve the same problem to
compare the strengths and weaknesses of how each performs.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS3.B: Conservation of
Energy and Energy Transfer

[SEP-3] Planning and Carrying
Out Investigations

ETS1.A: Defining and
Delimiting Engineering
Problems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

[CCC-6] Structure and
Function

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the
Design Solution

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
CA CCSS Math Connections: K.MD.2, K.G.1
CA CCSS for ELA/Literacy Connections: W.K.2, W.K.8, SL.K.1, SL.K.5, SL.K.6
CA ELD Standards Connections: ELD.PI.K.A.1, PI.K.A.3, PI.K.C.9
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Introduction
What effects does the Sun have on us? How can we minimize the negative effects? Energy
from the Sun is at the heart of all components of the Earth system and is revisited throughout
the entire K–12 sequence. This kindergarten activity merges scientific understanding of cause
and effect with an engineering design challenge. Students design and build a shelter to
protect rabbits made out of ultraviolet (UV) sensitive beads.
Day 1: Observe Sun and Shade
Students go outdoors to observe which areas of the schoolyard are in sun and in shade,
and how sunny and shady areas change throughout the day. They record their observations at
each time of day.
Day 2: Reading in the Sun
Students plan a trip out to the schoolyard to read a book about how different animals stay
cool. When they return, they draw and write about how they stay protected from the Sun.
Day 3: Defining the Problem
Students read about the ways that jackrabbits stay cool and then explore with a rabbit
made out of UV-sensitive beads. They learn about the design challenge to protect their rabbit
from the Sun.
Day 4: Imagine
Students investigate the possible materials for their shelter. They test the performance
of ten basic shelters.
Day 5: Plan
Students choose materials and draw a diagram with their shelter plan.
Day 6–8: Create, Improve, Communicate
Students build their shelters, test them in the Sun, make improvements, and share
their results.
Day 1: Observe Sun and Shade
Anchoring phenomenon: Some areas of the schoolyard are sunny and some are
shady at different times throughout the day.

Mrs. K chose a particularly sunny day to begin this sequence and told students that the
next day they were going to read a book outside in the schoolyard. Before that, they needed to
gather information so that they could decide the best place to sit and read. To make an informed
decision, students went outside to observe which parts of the schoolyard were in the sun and
which were in the shade at different times of day. They visited four different locations three times
during the day and recorded on a simple chart whether each spot was sunny or shady on each
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visit. They discovered that some places were sunny in the morning and shady in the afternoon,
other places just the opposite. Were there places that were always sunny or always shady?
Before their third visit outside, Mrs. K taught students how to read thermometers. Inside
the classroom, all the thermometers read about the same temperature. Mrs. K asked the
students if they thought the thermometer would read a higher number or a lower number
when they were outside (a bit more advanced than CA CCSSM K.CC.7; 1.NBT.3). Would the
temperature in the Sun be different than the temperature in the shade? Why did they think
that? Students then went outside and made note of whether each spot was sunny or shady
and then recorded the temperature at each spot. They analyzed their data [SEP-4] by
comparing the different measurements and completed the sentence frame, Where it is sunny,
the temperature is _____. Mrs. K wanted to know what does the Sun give off? What do we
receive from the Sun? What does it mean when we say a spot is sunny or shady? How are
sunny places different from shady places? It took a while for Mrs. K to find the questions that
inspired students to discuss their wide-ranging ideas about the Sun. After a few minutes, their
discussion focused on the light that comes from the Sun. Mrs. K introduced the idea of cause
and effect relationships [CCC-2], providing a few examples from everyday life. She then asked
students to write down as many cause and effect relationships about the Sun (_____ causes
_____) that they observed in the activity.
Day 2: Reading Outdoors
On the day for reading outside, Mrs. K told students that she wanted them to be
comfortable and able to enjoy the book, so where should they sit? She asked pairs of students
to discuss proposals, including a reason why their spot would be the most comfortable place
to be. She reminded students to use their observations from yesterday to help them decide.
The class eventually reached consensus on a location beneath a tree and they went there
to read Beneath the Sun by Melissa Stewart (2014). The book shows different ways that
animals and people try to stay cool. Mrs. K related what they were reading to the student’s
own situation, asking if any of them thought it was too bright or too shady, or if they were
too warm or cold. She asked them about how trees on the schoolyard could keep them cool
(EP&C I). Students returned to the classroom to finish the sentence, I stay protected from the
Sun by _______. (CA CCSS for ELA/Literacy: W.K.8)
Day 3: Defining the Problem
Everyday phenomenon: Rabbits spend time in the shade on hot sunny days

In the neighborhood around the school, students sometimes saw rabbits hopping around
with their little white tails and big ears. Mrs. K read a text that described a day in the life of
a California native, the black-tailed jackrabbit (Lepus californicus). It spends most of the hot
sunny daytime resting in the shade of bushes. Even in the shade, the rabbit still has its very
long ears that help it stay cool.
Mrs. K asked the children to imagine that the class was going to get a jackrabbit for a pet
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and they wanted it to have a place to live outside. There were not any bushes outside the
classroom, so students would have to design a shelter to keep their rabbit cool during the hot
sunny days. Some light colored rabbits in captivity get sunburned if they sit in the direct sun for
too long. While the class would not be getting a real rabbit, she gave each child a tiny rabbit
made out of white beads (figure 3.1). She had the students cup them in their hands to protect
them as they took them outside for the first time. She had them uncover their rabbits all at
once, and the white beads immediately turned vibrant colors. She gave the students time to
explore the effects of the Sun on their rabbits, placing them in their shadows, in the shade of a
tree, or under their clothing.
Investigative problem: How do we keep a pet rabbit out of the Sun?

She then described the
challenge: they would design and
build a shelter for their rabbit
(K-PS3-2). She invited students to
ask questions about the project
(K–2-ETS1-1). They decided on a
few rules ( defining the problem
[SEP-1] ), including that the
house must have a front entrance,
must protect the rabbit from the
Sun, and must be built using the
materials that Mrs. K provides.

Figure 3.1. Rabbit Made from UV-Sensitive Beads

Source: Margo’s Beadie Critter Collection n.d.
Day 4: Imagine
Investigative phenomenon: Different materials block sunlight better than others.

Mrs. K wanted students to explore the different materials so that they could plan which
ones to use for their shelter. She built ten basic shelters using different roof materials (black
and white construction paper, wax paper, cardboard, aluminum foil, felt, and clear plastic
sheets with and without three different strengths of sunscreen spread over the top). She
asked students which roof materials they thought would protect their rabbits the most and
least. Several students thought that the cardboard, felt, or foil would work best. Others
thought that the clear plastic, regardless of sunscreens, would work the least. When they
tested the shelters outside, they also noticed how well, or not, the shelters protected
their rabbits. Some rabbits stayed mostly white, while others became multicolored. Mrs. K
encouraged students to explore [SEP-3] the effects of different roof materials by switching
shelters with each other. She had her students discuss how well each material worked
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( analyzing and interpreting data [SEP-4] , CA CCSS for ELA/Literacy SL.K.1). The consensus
was that the cardboard worked the best because it was thick and prevented sunlight from
getting through. The plastic sheet with no sunscreen worked the least because it provided no
protection at all. To the students’ surprise, the plastic sheet with sun-protection factor (SPF)
50 sunscreen worked very well to keep the rabbits mostly white. One student exclaimed,
“Wow, this is why it’s so important to wear sunscreen outside!”
Day 5: Plan
Students brainstormed possible shelter designs. They debated [SEP-7] the pros and cons
of each roof material and explained their reasoning. They then drew their individual design
idea and labeled the parts (K–2-ETS1-2, CA CCSS for ELA/Literacy W.K.2, SL.K.5). Mrs. K
asked students to describe some of the shapes that were present in their structure (CA CCSSM
K.G.1). Each pair shared their designs with another pair of students. They described the parts
of each design that they thought would work the best, and the parts that they thought might
not work as well, or might cause problems. Each pair decided on the design they wanted to
build the next day.
Days 6–8: Create, Improve, Communicate
Finally, the day came to build their rabbit shelters. They could not wait to get started! They
built shelters with roofs, walls, and windows so that the rabbit could look out for predators
and doors so that the rabbit could quickly escape if it needed to. Some houses even had a soft
clump of grass that mimicked the spot where a rabbit in the wild would rest. They shared ideas
freely and gave suggestions to each other along the way. During this process, they struggled
with making structures that supported the roof while still having room for their rabbit to fit inside
and move around ( structure and function [CCC-6] ). They tested their shelters outside in the
sunshine and students compared their designs to others (K–2-ETS1-3). Most students made a
series of improvements [SEP-6] . For example, several students had houses with windows.
But when they noticed that the Sun shone through and turned their rabbit multicolored, they
decided to add SPF 50 sunscreen to the windows. One student noticed a gap between his roof
and walls that allowed the Sun to get in, so he taped the edges together. Another student added
a second layer to the roof to make it
Figure 3.2. Students Testing Their
thicker and block more of the Sun’s
Shade Structures
rays. Mrs. K took lots of pictures to
document students’ progress through
the steps of the engineering design
process (figure 3.2). Once they had
completed the work, students presented their houses to the class and
communicated [SEP-8] (CA CCSS
for ELA/Literacy SL.K.6) what special
features kept their rabbits protected
from the Sun’s heat and harmful rays.
Source: Kitagawa 2016
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Vignette Debrief
The engineering design challenge in this vignette frames a three-dimensional learning
process.
SEPs. Students perform the engineering design process from beginning to end. The exploration outdoors on day 1 and the background reading and discussion of prior experience on
days 2–3 ensures that students understand the context of the problem [SEP-1] . They obtain
information [SEP-8] from a variety of texts, including fiction and informative texts (see the
Resources section for additional story suggestions). While they never plan an investigation,
they engage in several of the components of conducting investigations [SEP-3] appropriate
for K–2: they collaboratively collect data on day 1 and then compare their qualitative observations with measurements from a thermometer. They make a prediction about where it will
be shady enough to read their book. On day 4, they compare different materials. In days 3
and 5–8, students work on designing solutions [SEP-6] .
The emphasis of the last two days is on the iterative improvement process. To provide
students quick and easy-to-interpret feedback, the UV-sensitive beads allow students to
literally see the effectiveness of their shelter. In middle and high school, they will return to
solar houses and solar cookers and will collect detailed temperature data, but a quantitative
focus is not age-appropriate for kindergarten.
DCIs. This activity lays the groundwork for more detailed understanding of the DCIs about
energy transfer, electromagnetic radiation, heat flow, forces, and the properties of materials
in later grades. Despite the fact that the primary DCI for this vignette (PS3.B) is called
Conservation of Energy and Energy Transfer, the word energy never appears because the
abstract concept of energy is not age appropriate. At this age, students just need to master
the idea that sunlight warms Earth’s surface.
CCCs. On days 4–5, the map itself was a form of analysis [SEP-4] as students
noticed patterns [CCC-1] and created categories while they were still in the field. Once
students describe the pattern, they then interpreted their observations in terms of cause and
effect [CCC-2] (day 6).
EP&Cs. On day 1, students focus on how they depend on the natural environment for shade
and comfort (EP&C I). They then extend that idea to other living things as they focus on
how rabbits need a certain physical environment to survive and thrive. The rabbit’s body and
behavior are well suited to this physical environment. In the engineering challenge, students
actually modify the physical environment on a small scale. The vignette never explicitly
introduces this idea, but teachers could emphasize it to introduce EP&C II.
CCSS Connections to English Language Arts and Mathematics. Throughout the
activity, students engage in discourse about their observations and solutions. They supplement
their direct observations with information from written texts. Mathematically, students work
with shapes and comparisons.
Text and images for this vignette come from Kitagawa (2016), which includes more detailed
directions and a list of materials. The original lesson uses a lizard instead of a jackrabbit.
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Resources:
Butterfield, Moira. 1999. In Hot Places. London: Belitha Press Ltd.
Kitagawa, Laura. 2016. “Made for the Shade.” Science and Children 53 (5): 34–40.
Margo’s Beadie Critter Collection. n.d. Bunny 2. http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link5
Stewart, Melissa. 2014. Beneath the Sun. Atlanta: Peachtree Publishers.

Students are full of questions about extreme weather and the CA NGSS places emphasis
on local forms of severe weather. Students might wonder [SEP-1] , Do we have hurricanes
in California? How many days in a row has it rained in our city? or When was the last flood
on our local stream, and did it cause any damage? Students can use local library books or
age-appropriate media to obtain information [SEP-8] about one such weather hazard.
They can then pretend to be a weather forecaster communicating [SEP-8] a warning
about an upcoming weather hazard (ELD K.PI.C.9). They can inform their classmates about
how to prepare for the event (K-ESS3-2). Given the complexity of K-ESS3-2, this task may
benefit from parent involvement during a home project.

Opportunities for ELA/ELD Connections
As part of the introduction to the weather unit to support students building their
knowledge of weather terms, the tools used to collect the data, and weather patterns,
students can take turns acting as the meteorologist to lead the class in a discussion,
with appropriate language support, about weather conditions for that day. In
addition to the individual weather journals, a class data collection poster can be used
to clarify the recorded weather, adding visual pictures or symbols.
CA CCSS for ELA/Literacy: SL.K.4, 5, 6; W.K.3, 8; L.K.5c, 5d, 6
CA ELD Standards: ELD.PI.K.9, 11
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Sample Integration of Science and ELD Standards
in the Classroom
Students have been collecting local weather data on a daily calendar. They work as a
whole group near a large chart that shows labeled images of various types of severe
weather (different from those on the daily calendar) and view a video of severe
weather (such as heavy rain and wind, blizzard, or heavy snowstorm). Students
explore the phenomena, asking questions about the purpose of weather forecasting
and how to respond to severe weather in their locality (K-ESS3-2). For example, students
may ask, “What if the forecast were this type of weather for our community? What would
be the problems for our community if we had this type of weather? What things could
we do to prepare for this type of weather? How can forecasting the weather help us
prepare and be ready for severe weather?” The teacher supports English learners at the
Emerging and Expanding levels of English language proficiency in asking and answering
these questions by providing sentence frames (e.g., If ____, then we could ___. We
should ___ if ___). The teacher encourages students to refer to the labeled images of
weather when they ask and answer questions. When necessary, the teacher asks probing
questions and recasts students’ responses, affirming their ideas and helping them use
vocabulary and structure their statements in ways appropriate for a science discussion.
CA ELD Standards: ELD.PI.K.1
Source: Lagunoff et al. 2015, 206–207)

Kindergarten Instructional Segment 4: Pushes and Pulls
Even very young children have an intuitive sense—a mental model—of the way
objects move. They express surprise if they see a ball change its direction of
motion or suddenly speed up or slow down with no visible reason for the change. They
know how to push or pull toys to get them moving, and they are overjoyed by their own
body’s ability to move large objects. IS4 builds on this intuitive sense of how the world
works and develops a language of words and diagrams for talking and thinking about these
experiences. The segment includes three activity sequences in which students progressively
refine a model of motion:
•

We can change the motion of objects (marble track).

•

Pushes and pulls cause objects to speed up, slow down, or change direction
(kickball and tug of war).

•

Pushes and pulls can have different strengths and directions. The bigger the
push or pull, the faster the motion (school-yard box challenge).
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Guiding Questions
• What happens when you push or pull on an object?
• How can you make an object move faster or in a different direction?
Performance Expectations
Students who demonstrate understanding can do the following:
K-PS2-1. Plan and conduct an investigation to compare the effects of different strengths or
different directions of pushes and pulls on the motion of an object. [Clarification Statement:
Examples of pushes or pulls could include a string attached to an object being pulled, a
person pushing an object, a person stopping a rolling ball, and two objects colliding and
pushing on each other.] [Assessment Boundary: Assessment is limited to different relative
strengths or different directions, but not both at the same time. Assessment does not include
non-contact pushes or pulls such as those produced by magnets.]
K-PS2-2. Analyze data to determine if a design solution works as intended to change the speed
or direction of an object with a push or a pull.* [Clarification Statement: Examples of problems
requiring a solution could include having a marble or other object move a certain distance,
follow a particular path, and knock down other objects. Examples of solutions could include
tools such as a ramp to increase the speed of the object and a structure that would cause an
object such as a marble or ball to turn.] [Assessment Boundary: Assessment does not include
friction as a mechanism for change in speed.]
K–2-ETS1-1. Ask questions, make observations, and gather information about a situation
people want to change to define a simple problem that can be solved through the
development of a new or improved object or tool.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

PS2.A: Forces and Motion

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-3] Planning and
Carrying Out Investigations

PS3.C: Relationship Between
Energy and Forces

[SEP-4] Analyzing and
Interpreting Data

ETS1.A: Defining Engineering
Problems

PS2.B: Types of Interactions

[CCC-7] Stability and Change

CA CCSS Math Connections: MP.2; K.CC.4–6; K.MD.1-2; K.G.1, 4–6
CA CCSS for ELA/Literacy Connections: L.K.5b–c; L.1e–f; RL.K.10a–b; RI.K.1–10
CA ELD Standards Connections: ELD.PI.K.A1, PI.K.A3, PI.K.B5
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Learning and playing are closely related for young children. When given materials and
freedom, they investigate [SEP-3] , ask questions [SEP-1] , and solve problems [SEP-6] .
Instructional segment 1 begins with students exploring the laws of motion using marbles on
a ramp or toy cars on a track. Strips of molding from home improvement stores make lowcost marble ramps that can be supported by blocks or everyday objects around the
classroom (University of Northern Iowa n.d.). Even though students individually direct their
own investigation, the teacher constantly facilitates learning. Students ask more questions
[SEP-1] and explore more boldly when their teacher demonstrates his or her own curiosity

(Engel 2013). During one-on-one exchanges, teachers can remark, I wonder if the size of
the marble matters… or What happens if you make your ramp with three blocks instead of
two? Teachers can invite student explanations [SEP-6] (Why does the marble fall off the
track there? What did you notice about the marble’s speed?) or challenge students to try
something else (Can you push the marble hard enough that it goes up to the top of the
ramp? Can you make the marble turn a corner?). These exchanges help students develop
mental models [SEP-2] of events that cause [CCC-2] motion to change [CCC-7] .
Teachers also document the process through photographs and videos and use them during
whole-class discussions to highlight specific learning opportunities. Because this activity
resembles play, it does not need to be introduced as a separate learning activity and can be
used throughout the school year (for rainy day recess, during unstructured play times, or
during IS3 to develop language about how the wind pushes against things, etc.). There are
strong connections to the CA CCSS in mathematics, including counting blocks (K.CC.4–5),
describing the weight of marbles (K.MD.1), comparing them (K.MD.2), analyzing and
constructing shapes (K.G.4–6), and describing relative position (K.G.1). The more time
students spend, the richer their mental models of motion become.
How can we get an object to start moving? How do we stop it? What causes the motion
to change? Students are now ready to describe the cause and effect relationships [CCC-2]
more explicitly and to add words that label them. Objects don’t move unless they interact
with some other object that pushes or pulls them. Pushes or pulls can cause a change in
motion, meaning an object speeds up, slows down, or changes direction. Students can
actually feel these pushes during a class game of kickball (When you push the ball, what
happens to it? Can you feel the ball pushing against your hands when you catch it?) and the
pulls during a class tug-of-war (Can you feel how your body starts to move when the rope
pulls it?). Every time an object changes motion, there must be a push or pull that is causing
that change. Recognizing these pushes and pulls can be hard when students can’t feel them
directly. A push can occur during a collision, like a marble hitting the wall of the track and
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changing direction when moving from one ramp to the next at a 90-degree turn in the track.
Sometimes an interaction is not visible, like the marble interacting with the Earth by the
pull of gravity. Teachers can help make some of these pushes tangible by inviting students
to gently touch the track and feel the vibrations of the collision when the marble makes its
turn. A student can lie on the ground while a ball rolls towards the soles of their shoes—they
feel a gentle push when the ball bounces off and changes directions just like the wall feels
a push when the ball bounces off. Students continue to explore the motion of objects in the
classroom, including toy cars and marbles, noting the pushes and pulls that change their
motion (figure 3.3). These experiences help students refine their mental models [SEP-2] of
motion, adding the concept that every change in motion requires a push or pull to cause it.
They can apply that model and new language labels (push and pull) to explain [SEP-6] a
novel situation (The bat pushes the baseball, so it changes direction). Students might also
come up with questions [SEP-1] that teachers may or may not have considered before
such as, Where is the push or pull that moves a car on the road? While it is understandable for teachers to feel a little intimidated by questions that they cannot answer, they can
embrace these questions as markers of success and use them to highlight the nature of science and explicitly discuss how crosscutting concepts are tools for thinking about things. By
focusing on cause and effect [CCC-2] , the student who asked about cars realizes that there
must be a push or a pull somewhere but they cannot see it. Physicists use similar questions
to discover new phenomena, and engineers use them to improve their designs.
Figure 3.3. Diagram Illustrating How Pushes Cause Changes in Motion

Toy Car

Hand
(cause)

(effect)

Push

Motion

Table

Diagram by M. d’Alessio

All the observable parts (hand, car, and table) are represented schematically and are
labeled. The push is indicated with an arrow, and the movement of the block is indicated by
a thicker arrow. Graphically distinguishing between the two arrows makes clear what is the
cause (the push) and what is the effect (the movement). The diagram also shows that the
direction of the movement is the same direction as the push.
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Opportunities for Mathematics Connections
Students can keep track of the results of their motion experiments in a table format,
serving as a prelude to picture graphs introduced in grade two. They can compare
results using greater than/less than vocabulary, such as, “The ball went farther after
it hit the cardboard tube than after it hit the bubble wrap.” Students in kindergarten
have not yet been introduced to standard measurement, such as using a ruler.
CA Math Standards: MP.2, K.CC.6, K.MD.1–2

Opportunities for ELA/ELD Connections
Teachers can supplement the discussion of motion and pushes and pulls using any
book where motion is depicted. Looking at an illustration, students can describe the
direction the object is moving, what push or pull caused it to start moving, and which
direction that the push or pull was acting (CA CCSS for ELA/Literacy RL.K.10a–b).
Informational texts can reinforce some of the DCIs encountered during instruction
while the firsthand experiences provide context for mastering CA CCSS for ELA/Literacy
on reading informational texts (RI.K.1–10). Example texts include Move It!: Motion,
Forces, and You (Primary Physical Science) by Adrienne Mason; Motion: Push and Pull,
Fast and Slow (Amazing Science) by Darlene Stille; and Forces Make Things Move (Let’sRead-and-Find-Out Science 2) by Kimberly Brubaker Bradley. Students can compare the
explanations of similar topics from two of the texts (CA CCSS for ELA/Literacy RI.K.9).
CA CCSS for ELA/Literacy: RI.K.1, 2, 3, 9, 10a–b; SL.K.1, 2, 3; L.K.6
CA ELD Standards: ELD.PI.K.5
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Kindergarten Snapshot 3.3:
Classroom Talk about Pushes and Pulls
Since the beginning of the school year, Mr. H has worked each day to
establish a safe and respectful environment for his students to discuss
ideas throughout their learning and have productive conversations in which
all students participate. Mr. H recognizes students need to feel safe to
talk before their ideas are fully developed so that they can collaboratively work through
problems with peers (ELD.PI.K.1) and so that he can redirect his teaching to meet their
current thinking.
Mr. H introduced the norms for Classroom Talk at the beginning of the school year to
promote respectful speaking (ELD.PI.K.3) and listening (ELD.PI.K.5), and he reinforces
them every time he uses this technique. He established the following norms with the help
of his students:
Classroom Talk Rules
• We can think and learn together by talking about our ideas.
• We talk to share ideas with others.
• We listen carefully to learn from others.
• We have to ask questions when we do not hear or understand somebody.
• We have to take turns so everybody gets a chance to talk.
• Each person’s thinking is different and unique.
Mr. H designed a short unit using the 5E instructional model (See chapter 11 on
instructional strategies) that introduces his students to the foundation of forces: the push
and pull. Unlike many other snapshots in this framework that provide a glimpse at a single
lesson, this snapshot provides a full sequence of lessons.
Everyday phenomenon: Students feel pushes and pulls.
He engaged them by drawing on their everyday life experiences with a Classroom
Talk session. Mr. H started this Classroom Talk session by singing a Talk Song that invites
children to the circle. Mr. H asked students, “Tell me about when you pushed or pulled
something here at school.” Mr. H wanted students to develop the language required for
precisely describing actions of motion (CA CCSS for ELA/Literacy L.K.5b), and his question
tied these language labels directly to student experiences (CA CCSS for ELA/Literacy
L.K.5c). One student described pushing a friend on a swing. Others focused on activities
in the school garden: pushing a cart full of compost, pulling a weed out of the ground,
pushing a small shovel in the soil. Mr. H used some of the talk moves from chapter 11 of
this framework (“Instructional Strategies”): “Cynthia, what about the push you described
is similar to the pull Stephanie described? What’s different?” “Tom, tell us more about how
your body feels when you pull a really big weed.” Mr. H also used the Classroom Talk to
develop rich prepositional phrases such as “Maria pushes the cart slowly around the garden”
(CA CCSS for ELA/Literacy K.L.1e). He discussed the meaning of this sentence and provided
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Kindergarten Snapshot 3.3:
Classroom Talk about Pushes and Pulls
opportunities for students to add prepositional sentences to the push-pull examples
they shared already (CA CCSS for ELA/Literacy K.L.1f). Throughout the sequence, he
highlighted these types of sentences in texts that the class read about pushes and pulls.
Investigative phenomenon: Objects can be both pushed and pulled, which
causes them to change their motion.

Mr. H then provided several opportunities to explore pushing and pulling different
objects through different hands-on investigations [SEP-3] . Using a sentence frame,
students predicted a ball’s pathway based on how they planned to push the ball: “I predict
that when I push the ball ____, it will ____.” They also pushed and pulled plastic crates
filled with heavy blocks around the schoolyard.
During the explain stage of the 5E model, students had to be able to formulate their
own explanations [SEP-6] of how pushes and pulls affected objects. Mr. H brought the
class back together to another Classroom Talk circle. Mr. H asked students to agree or
disagree with the statement, “The only way to get an object to move around a corner is
to pull it.” When students disagreed with the statement, he prompted them to provide
evidence from their investigations. Maria stood up and used her body to show how she
would push the object this way and then that. Mr. H introduced the necessary academic
vocabulary of direction and motion and repeated her idea by saying, “When you change
the direction you push, you can change the crate’s motion.” Kirk added, “And when you
push harder, it goes faster.” Mr. H then added the academic vocabulary of speed. After the
Classroom Talk, students drew diagrams in their notebooks showing how they could move
an object around a corner using a push and then a second diagram showing how they
could use a pull ( pictorial models [SEP-2] ).
In the elaborate stage of the 5E model, students applied their ideas and academic
vocabulary to new situations. Students labeled objects around the school according to
how they applied pushes and pulls to them. The food tray in the school cafeteria could be
pushed or pulled to move it to the end of the line, and the classroom door could be pulled
or pushed to open or close it. Students made entries into their notebooks giving at least
one example of an object and whether it would be pushed, pulled or both. Mr. H again
provided a sentence frame for his students: “An example of an object that is (pushed,
pulled, or pushed and pulled) is _________.” Mr. H used these observations of constructed
devices to motivate an engineering challenge in which students designed a replacement
handle for a wagon with a handle that had broken off. (They built prototypes using string,
toothpicks, and tape attached to toy cars.)
Mr. H then evaluated his students with a structured assessment in which students
predicted the effects of different strengths and directions of pushes and pulls on different
objects and explained the basis for their predictions.
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Students next refine their models to describe the strength and direction of pushes and
pulls. To a physicist, pushes and pulls are the same thing—they both make objects change
motion, and they differ only in their direction. Stronger pushes and pulls cause quicker
changes in motion. The different effects of different pushes and pulls are well illustrated
when students are given the challenge to move a heavy object with their own bodies
(K-PS2-1, K-PS2-2). Students can move a heavy box of copy paper or a sturdy cardboard
box with a child riding inside around an obstacle course on the schoolyard or around the
classroom. To move the box around corners, they must push from a different side. To go
faster, they must push harder. They can use a rope looped around the box to see that they
can complete the course by either pushing or pulling. Students can decorate the cardboard
boxes using a particular technique that ties to the art curriculum. They then perform similar
investigations in other physical systems. For example, they can play air hockey (or make a
homemade hockey table using cups to push a marble on a tabletop surrounded by hardcover
books on all sides) or design a cardboard pinball machine (in which the speed and angle of
the flappers makes the marble bounce off at different speeds and directions). Teachers can
assess understanding by asking students to explain [SEP-6] why a certain motion caused a
specific effect or apply their models [SEP-2] of motion to predict how a certain push or pull
will affect an object.
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Engineering Design Challenge: Save a Structure
Students design a way to change the direction or decrease the speed of a ball that is
moving towards a structure made of blocks, thus saving the structure from being
destroyed. Because students are natural engineers, they will approach the problem
using their own implementation of the steps of the engineering design process.
Rather than explicitly introducing the engineering design cycle, the teacher could let
students complete the task first and then ask them guiding questions about how they
solved the problem. Most students use an intuitive trial-and-error method and probably
don’t talk much about the first stage of the engineering process. The teacher can help
students define the problem by asking, “Does it count if the marble causes the blocks
to move but not fall over?” or, “What would you do differently if I took away some of
the materials you used?” The teacher can then introduce a simplified graphic of the
engineering design process and discuss some of the unknown vocabulary.
Figure 3.4 describes the engineering design process for K–2. In kindergarten,
teachers guide students to look at situations or events that may be considered as
problems. The focus of the engineering design process is not to transform activities
into competitions to see which solution is best. Rather, the idea is to have students
collaboratively generate multiple ideas, design solutions, and test those solutions to
determine if they are appropriate for the goal. Throughout the process, the emphasis
is on developing students’ collaboration and communication skills.
Figure 3.4. Engineering Design Cycle for Kindergarten Through Grade Two

Define
Identify situations that
people want to change
as problems that can
be solved through
engineering

Develop
Solutions

Optimize
Compare solutions,

Convey possible

test them, and
evaluate each

solutions through
visual or physical
representations

Source: NGSS Lead States 2013a
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Grade One
In grade one, students engage with plants, animals, light, and sound to recognize
more patterns [CCC-1] in the world around them. All of the instructional segments in grade
one set up future learning: What causes plants and animals to look different from one another
but similar to their parents? How does light allow our eyes to see things? What causes the
phases of the Moon and the seasons? None of these questions will be answered at this grade
level, but the CA NGSS learning progression will revisit them repeatedly in later grades.
The purpose of grade one is to give students a common background experience with these
phenomena and have students observe them well enough to recognize patterns [CCC-1]
that prompt them to start asking questions about cause and effect [CCC-2] relationships.
Table 3.3. Overview of Instructional Segments for Grade One

1

Plant Shapes
Students explore their natural surroundings with nature
hunts and garden planting. They examine the shapes and
parts of plants and begin to ask questions about what
purpose these parts serve, how the shape of the parts helps
them accomplish this purpose, and how the shapes of young
plants are similar to the shapes of their parents.

2

Animal Sounds
Students observe the behavior of parents and babies,
noticing patterns in how they communicate. They explore
the nature of sound, notice the physical parts of animals that
produce sounds, and construct physical models that mimic
animal sounds.

3

Shadows and Light
Students plan and conduct investigations of how light
travels and interacts with different objects. They use these
observations as the foundation for constructing models of how
people see.

4

Patterns of Motion of Objects in the Sky
Students track the motions of the Sun, Moon, and
stars, noticing patterns in how sunlight varies throughout
the seasons and Moon phases change over the month. They
analyze their data to develop a model that predicts the
position of objects.

Sources: Saber 2006; Wander 2007; Matthews 2009; Okada 2005
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The sequence of instructional segments in this example (table 3.3) is driven by the need
to collect data about slowly occurring natural processes: a garden that grows slowly (IS1)
and changes in the sky (e.g., the time and location of sunset) over a large portion of the
year (IS4).

Grade One Instructional Segment 1: Plant Shapes
In kindergarten, students recognized patterns in what plants need to survive
(K LS1–1). In this instructional segment, they look more closely at the shapes
and parts of plants and begin to ask questions about what purpose these parts serve, how
the shape of the parts helps them accomplish this purpose, and how the shapes of young
plants are similar to the shapes of their parents.
GRADE ONE INSTRUCTIONAL SEGMENT 1: PLANT SHAPES
Guiding Questions
• How can we tell different types of plants apart?
• How do these differences help the plants?
Performance Expectations
Students who demonstrate understanding can do the following:
1-LS1-1. Use materials to design a solution to a human problem by mimicking how plants
and/or animals use their external parts to help them survive, grow, and meet their needs.*
[Clarification Statement: Examples of human problems that can be solved by mimicking plant
or animal solutions could include designing clothing or equipment to protect bicyclists by
mimicking turtle shells, acorn shells, and animal scales; stabilizing structures by mimicking
animal tails and roots on plants; keeping out intruders by mimicking thorns on branches and
animal quills; and, detecting intruders by mimicking eyes and ears.]orns on branches and
animal quills; and, detecting intruders by mimicking eyes and ears.]
1-LS3-1. Make observations to construct an evidence-based account that young plants and
animals are like, but not exactly like, their parents. [Clarification Statement: Examples of patterns could include features plants or animals share. Examples of observations could include
leaves from the same kind of plant are the same shape but can differ in size; and, a particular breed of dog looks like its parents but is not exactly the same.] [Assessment Boundary:
Assessment does not include inheritance or animals that undergo metamorphosis or hybrids.]
K–2-ETS1-2. Develop a simple sketch, drawing, or physical model to illustrate how the shape
of an object helps it function as needed to solve a given problem.
Performance expectation introduced, but not assessed until later segments:
1-ESS1-1. Use observations of the Sun, Moon, and stars to describe patterns that can be
predicted. [Clarification Statement: Examples of patterns could include that the Sun and Moon
appear to rise in one part of the sky, move across the sky, and set; and stars other than our
Sun are visible at night but not during the day.] [Assessment Boundary: Assessment of star
patterns is limited to stars being seen at night and not during the day.] (IS4)
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GRADE ONE INSTRUCTIONAL SEGMENT 1: PLANT SHAPES
1-PS4-3. Plan and conduct an investigation to determine the effect of placing objects made
with different materials in the path of a beam of light. [Clarification Statement: Examples of
materials could include those that are transparent (such as clear plastic), translucent (such
as wax paper), opaque (such as cardboard), and reflective (such as a mirror).] [Assessment
Boundary: Assessment does not include the speed of light.] (IS3)
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.A: Structure and
Function

[CCC-1] Patterns

[SEP-2] Developing and Using
Models

LS3.A: Inheritance of Traits

[SEP-3] Planning and Carrying Out
Investigations

ESS1.A: The Universe and
its Stars

[SEP-4] Analyzing and Interpreting
Data

PS4.B: Electromagnetic
Radiation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.B: Developing
Possible Solutions

[CCC-6] Structure and
Function

LS3.B: Variation of Traits

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: 1.MD.2
CA CCSS for ELA/Literacy Connections: W.1.1, 8; SL.1.4
CA ELD Standards Connections: ELD.PII.1.6

Before embarking on any of the scientific practices, students need to appreciate science
as the study of the world around them. Children are natural scientists and are innately
curious. This instructional segment focuses that desire for exploration on plants. Different
students have different levels of experience observing plants in nature. Some schools are
situated in urban settings where plants are rare while other families might have backyard
2016 California Science Framework
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vegetable gardens. To give all students a common library of observations, students embark
on a schoolyard nature hunt with the instructions to collect as many natural objects as they
can. They can pull weeds growing in sidewalk cracks, pluck blades of grass, collect fallen
leaves, and gather a handful of sand from the sandbox. Back in the classroom, they look
for patterns [CCC-1] . Can they sort the objects into different categories based on these
patterns (such as plants, rocks, and animals)? Which objects might come from plants?
How can they tell? Since different schoolyards have different natural elements, the hunt
could be extended as a homework assignment to collect natural objects from around the
neighborhood, or a teacher may need to accumulate a small collection to share with the
students. Students might discover different seedpods or a range of leaves (figure 3.5).
Students write an observation about what they see (given a sentence frame, if necessary)
and ask a question [SEP-1] related to their observation (e.g., What causes those leaves
to be red? What is inside an acorn? Why is some bark smooth and other bark rough? Why
do different plants have different shape leaves?) At this stage, the focus is on stimulating
curiosity and asking questions, so teachers do not need to know all the answers. Many of the
questions will remain unanswered until much later in students’ careers, which reflects the
practice of professional scientists who often have questions that they do not have enough
information to answer. Teachers can maintain a nature table with a rotating collection of
found objects throughout the year. They can refer to objects on the table when related
concepts come up later in the year, or they can photograph them for future reference. The
goal of these activities is to focus student attention on natural phenomena around them.
Figure 3.5. Diverse Seeds and Leaves Collected by Students at a School with a Garden

Sources: Descouens 2012; M. d’Alessio; Mdf 2006; Ross 2007
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Opportunities for Mathematics Connections
Students could be challenged to create a model of a seed that depends on wind to
disperse it (for example a dandelion seed). On a breezy day, the seed models could
be flown to determine which models go the farthest. Students measure how far the
model flew in standard or nonstandard units. Questions that could be asked include
the following: Which model flew the farthest? What about its design allowed it to fly
farther? Students could also be asked to put the models in order of how far they flew.
CA CCSSM: 1.MD.2

Students next focus on observing specific structures within plants. The best way to do
this is to grow plants in small pots or planter boxes outside the classroom, or, alternatively,
mini or herb gardens in plastic containers grown inside. Growing food can introduce healthy
eating habits (CA Health Education Standards K1.1.N) and ways that humans depend on
things that grow for our own survival (EP&C I). A variety of vegetables, including leafy
greens (lettuce), root vegetables (radishes), and climbing vines (snap peas) grow well in
autumn gardens in California. These plants have very different shapes (both above and
below ground) when they are fully grown. Students conduct an investigation [SEP-3]
tracking how the plants change over time. Does a tiny baby lettuce look like lettuce they
buy in the store? If they pick a radish when it is young, how is it similar to one picked later?
Students should be able to provide evidence to support the argument [SEP-7] that young
plants are similar to their parents (1-LS3-1). This argument forms the foundation for the
concept of inheritance that students will investigate during grade three.

Engineering Connection: Using Bio-Mimicking to
Solve a Problem
Nature gives humans ideas that can be used as design examples for objects that
solve a problem (bio-mimicking). Students should be able to use plant structures
to design [SEP-6] something that solves a problem they have at school. For
example, students design a coat rack that has enough hooks to hold their jackets.
How thick should the base be? How should it connect to the ground in order to be
stable? Students can look at trees to help decide. Perhaps they want to send a message
across the schoolyard. Students could design a message carrier based on the shape of
seeds that disperse in the wind. Or perhaps they want to construct a new rope ladder
for their playground structure. How will they attach it? They can look to the tendrils of
a snap pea. Students should be able to describe how the structure of their object helps
achieve its function [CCC-6] , possibly illustrating it with a simple sketch or diagram
showing their invention and the plant structure that inspired it (K–2 ETS1–2).
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Sample Integration of Science and ELD Standards
in the Classroom
Students use materials to design a solution to a human problem by mimicking how
plants and/or animals use their external parts to help them survive, grow, and
meet their needs (1-LS1-1). As they investigate mimicking solutions for clothing or
equipment inspired by nature, the teacher guides them to combine clauses, through
a process of examining a text for the ways an author combines ideas and then trying it
out together using joint construction. The result is sentences such as the following: (1)
a turtle hides under its shell when threatened by a predator; (2) although the turtle may
be turned upside down, the shell provides protection; and (3) biking helmets protect us
because we design them to resemble turtle shells. Prior to this lesson, during designated
ELD time, students at the Emerging and early Expanding levels of English proficiency
have practiced combining similar sentences in more simple ways: A shell protects a
turtle. A helmet protects a person riding a bike. A shell protects a turtle, and a helmet
protects a person riding a bike. The teacher supports students’ understanding through
using pictures, highlighting cognates (e.g., protect/proteger), and allowing students to
use their home language in partner discussions.
CA ELD Standards: ELD.PII.1.6
Source: Lagunoff et al. 2015, 240–241

Students know from kindergarten that plants need light to survive (K-LS1-1), so what
happens when taller plants begin to shade shorter plants? Teachers can introduce the
concept that thin leaves are translucent and allow some light to pass through them so
that plants below them can still survive while thicker leaves are more opaque and block
more light. This observation is one form of an investigation [SEP 3] into the how light
interacts with different materials (1-PS4-3; though students are not ready to be assessed
on this performance expectation until they complete a more detailed investigation in IS3).
Many people associate science practice with experiments, but CA NGSS uses the term
investigation because students do not necessarily have to manipulate things in order to
gather evidence. Students make observations at different times of day to determine when
specific plants are in the shadow of another plant. Repeating the observation over several
days allows students to recognize that the Sun moves following a predictable pattern and
has natural cycles (EP&C III). In fact, by analyzing [SEP-4] a few days of observations
about the exact time when a plant starts being shaded, students should be able to predict
when it will be shaded on a subsequent day (1-ESS1-1). Students can also begin observing
the amount of daylight during the autumn that they can later compare to winter and spring
(1 ESS1 2).
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Grade One Instructional Segment 2: Animal Sounds
Just like baby plants, baby animals often resemble their parents. They usually
have the same external structures as their parents (baby fish have fins and gills,
baby crayfish have claws, etc.), but both parent and child also have certain behaviors that
help the children survive. For example, babies of many animal types cry when they are hungry. Students investigate the structural similarities, the behaviors, and some of the physics
behind animal noises such as crying.

GRADE ONE INSTRUCTIONAL SEGMENT 2: ANIMAL SOUNDS
Guiding Questions
• How are parents and their children similar and different?
• How do animal parents and children interact to meet their needs?
• How do animals communicate and make sound?
Performance Expectations
Students who demonstrate understanding can do the following:
1-LS1-2. Read texts and use media to determine patterns in behavior of parents and
offspring that help offspring survive. [Clarification Statement: Examples of patterns of
behaviors could include the signals that offspring make (such as crying, cheeping, and other
vocalizations) and the responses of the parents (such as feeding, comforting, and protecting
the offspring).]
1-LS3-1. Make observations to construct an evidence-based account that young plants and
animals are like, but not exactly like, their parents. [Clarification Statement: Examples of
patterns could include features plants or animals share. Examples of observations could
include leaves from the same kind of plant are the same shape but can differ in size; and,
a particular breed of dog looks like its parents but is not exactly the same.] [Assessment
Boundary: Assessment does not include inheritance or animals that undergo metamorphosis
or hybrids.] (Revisited from IS1)
1-PS4-1. Plan and conduct investigations to provide evidence that vibrating materials can
make sound and that sound can make materials vibrate. [Clarification Statement: Examples
of vibrating materials that make sound could include tuning forks and plucking a stretched
string. Examples of how sound can make matter vibrate could include holding a piece of
paper near a speaker making sound and holding an object near a vibrating tuning fork.]
1-PS4-4. Use tools and materials to design and build a device that uses light or sound to
solve the problem of communicating over a distance.* [Clarification Statement: Examples of
devices could include a light source to send signals, paper cup and string “telephones,” and
a pattern of drum beats.] [Assessment Boundary: Assessment does not include technological
details for how communication devices work.]
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
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GRADE ONE INSTRUCTIONAL SEGMENT 2: ANIMAL SOUNDS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-3] Planning and
Carrying Out Investigations

LS1.B: Growth and
Development of Organisms

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

LS3.A: Inheritance of Traits

[SEP-8] Obtaining,
Evaluating, and
Communicating Information

[CCC-2] Cause and Effect:
Mechanism and Explanation

LS3.B: Variation of Traits
PS4.A: Wave Properties
PS4.C: Information
Technologies and
Instrumentation

CA CCSS Math Connections: MP.5; 1.MD.1–2
CA CCSS for ELA/Literacy Connections: RI.1.1, 3, 7, 9, 10; W.1.2, 8; SL.1.1, 2, 4, 5
CA ELD Standards Connections: ELD.PII.1.1, 5, 6

To lay the foundation for later grades, this instructional segment introduces students to
the mental model [SEP-2] of a family or herd as a system [CCC-4] of organisms within
which parents behave in ways that support the survival of their offspring. Teachers should
probably not introduce this language explicitly to students in grade one; students should
just recognize patterns [CCC-1] in physical appearance that are similar between offspring
and their biological parents, and patterns in behavior of adults (feeding, protecting,
teaching, or playing with their children) and children (crying, observing their parents).
Teachers begin by finding local opportunities for observing animals and their offspring
such as a classroom aquarium or terrarium, a field trip to a farm, duck pond, or zoo, or a
webcam or video clips if physical observations are not possible. Students communicate
[SEP-8] their observations about animal appearance and behavior to their classmates

through science notebook entries or oral presentations. Teachers reinforce the notion of
families through picture books and activities related to students’ own families.
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Opportunities for ELA/ELD Connections
To introduce the concept that young animals look like their parents, divide the class into
two groups—the children and the parents. Use sets of picture cards that show an animal
in the beginning of its lifespan and a matching card of the same animal in adult stage.
Students need to find their matching partner by asking questions (not by showing
the picture on the card), such as, my animal has fur. Does your picture have fur? If
no, they can find another student to ask the question. If yes, then another categorizing
question can be asked. One way to organize the students is to have inside/outside circles,
with the students with parent cards on the inside and students with the children cards on
the outside. Before beginning, students can brainstorm and discuss possible questions to
ask each partner. Once the two pictures are paired together, students can then discuss how
the parent and the children are similar and how they are different, explaining [SEP-6]
their conclusions using sentence frames or in graphic organizers (1-LS3-1).
CA CCSS for ELA/Literacy Standards: SL.1.1, 4, 5
CA ELD Standards: ELD.PI.1.1, 6

Sample Integration of Science and ELD Standards
in the Classroom
Students have been exploring how structures of plants and animals are similar
between parents and young (offspring), and the teacher invites the children to
explore the patterns in the behavior of parents and offspring that help offspring
survive (1 LS1-2) by reading texts and using media, modeling the use of adverbials:
When animals are young, they signal their needs to their parents by calling loudly or
softly, depending on how many babies there are, and the distance from their parent.
Some animals cry, others chirp, and others make all sorts of sounds. Usually the parents
feed and comfort their young. The teacher supports the students’ use of adverbials in
their own speaking and writing by prompting them to add information about when, how,
where, why, how much, etc.
CA ELD Standards: ELD.PII.1.5
Source: Lagunoff et al. 2015, 238–239

As students notice the strong resemblance of parents and offspring, they can be prompted
to ask questions about why certain types of animals have certain structures. The goal here
is to further develop the crosscutting concept of structure and function [CCC-6] . For
example, by studying crayfish in a classroom aquarium students can make claims supported
by evidence demonstrating that different body parts of the crayfish serve different purposes
for the survival of the animal. Students can also obtain evidence from texts, videos, and
online resources. They can record what they learn in drawings in which body parts are
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labeled and their function is identified. With teacher support, they can also create tables of
information (table 3.4).
Table 3.4. Crayfish: How is the Structure of a Body Part Related to its Function?
STRUCTURE OR BEHAVIOR

FUNCTION

Mouth that opens, claws to grab

Get food

Lots of legs, body

Move

Claws

Protect/defend, dig in ground,
grab/hold food

Eyes, antenna

Sensing the environment

Gills, skin

Breathe

Source: Gomez-Zwiep and Polcyn 2015

The idea that many tasks require an animal to apply a force to move or break open an
object is connected to ideas they developed in kindergarten about forces. Learning about
the structure and function of body parts engages students in performing simple research
using books and other content-rich materials to obtain information, evaluate if it is
relevant to answer classroom questions, and communicate to each other [SEP-8] .

Opportunities for ELA/ELD Connections
Read literature books such as What If You Had Animal Teeth? and What If You Had
Animal Hair? by Sandra Markle and Howard McWilliam and What Do You Do With a
Mouth Like This? and What Do You Do With a Tail Like This? by Steve Jenkins and
Robin Page. Discuss and record how the different external parts and features of the
animals aid in their survival and growth. Students could select one or more different
parts of an animal(s) and create (or draw) a new animal. Each student should be able
to explain the importance of each feature, with extra support if necessary.
CA CCSS for ELA/Literacy Standards: RI.1.1, 3, 7, 9, 10; W.1.2, 8; SL.1.2, 4, 5
CA ELD Standards: ELD.PI.1.1, 6

One common behavior of young animals is that they cry out when they need food or
are in danger. How exactly do animals cry or make other sounds? Students investigate the
nature of sound and perform an engineering task to create a physical model of how animals
communicate (see “Sounds Wild” snapshot 3.4). The key disciplinary core idea is that sound
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makes vibrations and vibrations make sound. Students can generate sounds using a rubber
band stretched around the opening of a paper cup. Teachers can ask students to describe
the motion of the rubber band (back and forth) and then introduce the term vibrate to
describe what they see. They can feel the vibrations in their own throats as they talk or
sing. They can further visualize the motion of an object that makes sound by gently dipping
a vibrating tuning fork in a cup of water or by placing it adjacent to a lightweight ping pong
ball and watching the ball move.

Grade One Snapshot 3.4:
“Sounds Wild” Engineering Challenge
Mr. K, a grade one teacher, has created an interdisciplinary instructional
segment called “Sounds Wild” to demonstrate to his students how animals
use special parts of their bodies to make sounds. Mr. K helped his students
connect what they learned about the function [CCC-6] of different animal
body parts to how animals make sounds.
Anchoring phenomenon: Crickets make sounds with their bodies.
He engaged the students by reading two stories about crickets and the sounds they
make: I Wish I Were A Butterfly by James Howe and The Very Quiet Cricket by Eric Carle.
He brought in some live crickets for students to observe and students watched a video for
a closer look at how crickets behave and how their body parts function. Students drew
diagrams of a cricket and labeled its body parts, paying particular attention to the wings
as the source of the cricket’s sound (K–2-ETS1-2).
Investigative phenomenon: When objects rub together, they make sounds.
The students used construction paper to develop a large-scale model [SEP-2] of
a cricket and added a strip of sandpaper to the edge of a wing to simulate the chirping
effect (1-PS4-1). During a music lesson, students continued exploring how sound was
generated by playing scrapers, simple musical instruments that mimic the way crickets
make sounds.
Everyday phenomenon: Different animals make sounds.
Mr. K presented a combination of stories, informational texts, and videos as resources
for students to use as they studied the rattle of rattlesnakes, the howling of coyotes, and
screech of bats. The students learned about the specific external part of the body in the
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Grade One Snapshot 3.4:
“Sounds Wild” Engineering Challenge
animal that vibrated to produce sound and could locate the sound-producing body part on
pictures of the animal.
Investigative phenomenon: How do we create a device that simulates a baby
animal crying out loud enough to communicate with its parents?
Mr. K connected music to science with an engineering design challenge: students
were to design and build their own sound device emulating a baby animal. Mr. K asked
students to close their eyes and makes a very quiet chirp. Would that be loud enough?
Students define their challenge [SEP-1] by agreeing about a few guidelines: (1)
instruments must be loud enough so that an imaginary parent animal on the opposite
side of the playground could hear the device cry out for help, and (2) students must
be able to communicate the difference between a cry of hunger and a cry of being in
danger. Would they use a different pitch for each need? Or a different number of drum
beats? Students needed to develop a solution [SEP-6] to both create the sound and
use it to communicate over a long distance (1-PS4-4). The shakers, scrapers, and string
instruments they created demonstrate the students’ understanding of the processes
animals use to create sound and that vibrations cause sound.

Opportunities for Mathematics Connections
When students design and test their animal sound devices (or even simple paper cup
and string communicators), they can measure distances on the schoolyard. Students
in grade one do not use standard units of measure, but they understand the
concept of reiterated units to measure length. For example, students could choose
among a paper clip, a craft stick, or a yardstick as a unit of measure.
CA CCSSM: MP.5; 1.MD.1–2

Grade One Instructional Segment 3: Shadows and Light
By conducting hands-on investigations, students will build the foundation of a
model [SEP-2] of how people see. In grade one, this model only includes the

fact that light is necessary for vision and that light interacts with different objects in different
ways. Since shadows are one piece of evidence of that interaction, this segment flows into
IS4 during which students will notice patterns in the shadows cast by the light of the Sun.
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GRADE ONE INSTRUCTIONAL SEGMENT 3: SHADOWS AND LIGHT
Guiding Questions
• What causes shadows?
• What happens when there is no light?
Performance Expectations
Students who demonstrate understanding can do the following:
1-PS4-2. Make observations to construct an evidence-based account that objects can be
seen only when illuminated. [Clarification Statement: Examples of observations could include
those made in a completely dark room, a pinhole box, and a video of a cave explorer with
a flashlight. Illumination could be from an external light source or by an object giving off its
own light.]
1-PS4-3. Plan and conduct an investigation to determine the effect of placing objects made
with different materials in the path of a beam of light. [Clarification Statement: Examples of
materials could include those that are transparent (such as clear plastic), translucent (such
as wax paper), opaque (such as cardboard), and reflective (such as a mirror).] [Assessment
Boundary: Assessment does not include the speed of light.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-3] Planning and Carrying
Out Investigations

PS4.B: Electromagnetic
Radiation

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

[CCC-4] Systems and
system models

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
CA CCSS Math Connections: MP.5; 1.MD.1–2
CA CCSS for ELA/Literacy Connections: 1.W.3
CA ELD Standards Connections: ELD.PI.1.9, 10, 12; ELD.PII.1.5
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Opportunities for ELA/ELD Connections
To transition into this instructional segment and give students direct experience with
shadows, students write a story about a sequence of events that happens to a baby
animal from the previous instructional segment and then act it out as shadow
puppets by placing their hands in front of the light on a projector screen and
describing the sequence using words.
CA CCSS for ELA/Literacy Standards: 1.W.3
CA ELD Standards: ELD.PI.1.9, 10, 12; ELD.PII.1.5

Recognizing the value of play and motor development in solidifying learning for early
elementary children, teachers can introduce concepts of light and shadows through a game
of shadow tag on the schoolyard. Selecting a particularly sunny day shortly before beginning the instructional segment, students play tag, but with the twist that they never actually
touch—one shadow needs to tag another person’s shadow. No matter which direction the
children run or turn, students notice the pattern [CCC-1] that their shadow always points
the same direction on the schoolyard during the short game (such as toward the soccer
goal). Teachers can highlight that it always points directly away from the Sun. By playing
the game at a different time of day, students see that all their shadows point to a different landmark on the schoolyard (such as toward the library). Students can construct an
argument [SEP-7] that their shadows are a marker that allows them to track the moving

position of the Sun throughout the day or year; they will use this argument in IS4. But what
causes a shadow?
The shadow tag game also helps students begin to develop a model [SEP-2] that light
travels in a direction (such as from the Sun toward them in the shadow tag game). Students
do not generally think about light as something that moves from place to place, but rather
as something that fills a space and is either off or on. In this instructional segment, they
will collect evidence that supports the idea that light travels from a source to an object
and is either absorbed by or bounces off the object. Students learn that they see the
object because light bounces off of it and reaches their eyes. This understanding requires
conceptual development through step-by-step investigation [SEP-3] of different scenarios
(1-PS4-3).
Many light sources emit light in all directions. This is an important idea for explaining
how the whole room seems to be full of light. However, it is useful to start with light sources
that emit a narrow a beam, such as a laser pointer or a flashlight with a narrow beam,
to refine the model [SEP-2] that light travels in a direction. In a darkened classroom,
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students look around and observe things are dim and harder to see. They are able to see
things clearly when they shine a narrow light on them, but not as clearly without that light.
The teacher shows video clips of explorers in caves where it is much darker. Cave explorers
are only able to see things where they shine their flashlight. Students use this evidence to
support the argument [SEP-7] that objects can only be seen when they are illuminated

(1-PS4-2), an example of cause and effect relationship [CCC-2] . Students can construct a
class cave for students to explore, covering desks with heavy blankets so that students can
gather more evidence that they can only see when light is present.
Students then plan an investigation [SEP-3] to compare the effect of placing different
types of objects in the path of the light (1-PS4-3), much like they placed their bodies in
the path of the Sun to make shadows. The collection of objects should include opaque
(cardboard), transparent (glass or clear plastic), translucent (plain white paper, black
construction paper, wax paper, young plant leaves, their own hands), and reflective materials
(a mirror, foil, or Mylar—the shiny plastic of some birthday balloons), though the teacher
should not introduce these distinctions prior to the investigation. It will be the job of
students to identify these differences. Students will need to decide how they can describe
the differences between the various materials. What will they have to notice and record
about each material? By using a mirror and a sheet of glass as examples, teachers can guide
students to a plan to observe the amount of light traveling through to the other side, the
amount of light that goes back toward the light source, and the light that seems to cause
the object itself to glow. These observations are data, which provide the opportunity for
age-appropriate analysis of the data [SEP-4] , using comparisons such as the following:
(1) the amount of light that goes through this object is more than the light that reflects
back, or (2) more light shines through the white paper than the black paper. Students can
group the materials into categories based on patterns [CCC-1] about the amount of light
that travels through them. Only after students have constructed these categories based
on their own experience should teachers introduce labels such as opaque and transparent
to help develop children’s academic vocabulary. Like many categories in science, these
categories are not rigid and absolute; glass reflects some light, allows other light to travel
through, and absorbs a small amount of light (which is why it heats up in the sun). So, is
glass transparent, reflective, or translucent? During this investigation, students constructed
a simple model [SEP-2] that tracks the path of light from one place to another. They will
build on this model in grade four (4-PS4-2). Students revisit the focus question for this
instructional segment and construct an explanation [SEP-6] about how different materials
block light and therefore cause [CCC-2] shadows.
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Grade One Instructional Segment 4:
Patterns of Motion of Objects in the Sky
Students will make observations of the Sun, Moon, and stars and develop ways
to record, describe, and organize their patterns of motion. At this stage of their learning,
it is more important for students to use their own observations to recognize predictable
patterns [CCC-1] of change [CCC-7] than to learn through lecture or texts. Note that

the crosscutting concept of cause and effect is not highlighted in this segment because the
cause of these patterns is not addressed until later grades.

GRADE ONE INSTRUCTIONAL SEGMENT 4:
PATTERNS OF MOTION OF OBJECTS IN THE SKY
Guiding Questions
• What objects are in the sky and how do they seem to move?
• When will the Sun set tomorrow?
• How does the Moon’s appearance change over each month?
Performance Expectations
Students who demonstrate understanding can do the following:
1-ESS1-1. Use observations of the Sun, Moon, and stars to describe patterns that can be
predicted. [Clarification Statement: Examples of patterns could include that the Sun and Moon
appear to rise in one part of the sky, move across the sky, and set; and stars other than our
Sun are visible at night but not during the day.] [Assessment Boundary: Assessment of star
patterns is limited to stars being seen at night and not during the day.]
1-ESS1-2. Make observations at different times of year to relate the amount of daylight
to the time of year. [Clarification Statement: Emphasis is on relative comparisons of the
amount of daylight in the winter to the amount in the spring or fall.] [Assessment Boundary:
Assessment is limited to relative amounts of daylight, not quantifying the hours or time of
daylight.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-3] Planning and
Carrying Out Investigations

ESS1.A: The Universe and its
Stars

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

ESS1.B: Earth and the Solar
System

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
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GRADE ONE INSTRUCTIONAL SEGMENT 4:
PATTERNS OF MOTION OF OBJECTS IN THE SKY
CA CCSS Math Connections: 1.MD.3
CA CCSS for ELA/Literacy Connections: RI.1.2, 4, 7, 10.a; L.1.4, 6; W.1,2
CA ELD Standards Connections: ELD.PI.2.5, 6, 7

Students build on what they learned about how light travels in IS3 to develop models
[SEP-2] they can use to predict motions of the Sun, Moon, or stars. Students will need

to have recorded data about the amount of daylight throughout fall, winter, and spring so
they can draw comparisons between observations at different times of the year. Data on
sunrise and sunset times and the locations of planets and stars can be found in a number of
sources, including local newspapers and online resources.
Students’ observations of the time of sunrise or sunset over multiple days across the
year are analyzed using the same point of reference to develop a model for the pattern
of change students observe. Students use this pattern to predict whether the time of
sunset or sunrise will be later or earlier than the previous day for the next few days.
They can communicate [SEP-8] their prediction using a graph of times of sunset for
several days or a clock face marked with sunset times for successive days, an example of
a pictorial model [SEP-2] . Other students should be able to use their pictorial model to
predict the time that the Sun rises, but first-grade students are not expected to develop a
conceptual model that can explain or justify what causes these differences. Other visual
representations could also be used, such as pictures of the same landscape or outdoor
feature that have been taken at the same time of the day but during different times of
the year. Class discussions and reading should include children’s stories from their own
experiences and literature that emphasize how the length of day is different at different
times of the year.
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GRADE ONE VIGNETTE 3.2: PATTERNS OF MOTION OF THE SUN
Performance Expectations
Students who demonstrate understanding can do the following:
1-ESS1-1. Use observations of the Sun, Moon, and stars to describe patterns that can be
predicted.
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-4] Analyzing and
Interpreting Data

ESS1.A: The Universe and Its
Stars

[CCC-1] Patterns

PS4.B Electromagnetic
Radiation

[CCC-4] Systems and System
Models

[CCC-2] Cause and Effect

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
CA CCSS Math Connections: 1.MD.3
CA CCSS for ELA/Literacy Connections: W.1.2
CA ELD Standards Connections: ELD.PI.1.10

Introduction
Mrs. H is planning an instructional segment in which students observe the patterns of
motion of objects in the sky, specifically the Sun. She wants her students to observe and then
describe the movement of the Sun in the sky throughout a school day. The observation of
these regular patterns of movement across multiple days will provide students a foundational
understanding of disciplinary core idea ESS1.A: The Universe and Its Stars. This instructional
segment also allows a strong connection between the CCC of patterns [CCC-1] and the SEP
of analyzing and interpreting data [SEP-4] . She considers this instructional segment to be
a natural link to what the students have learned in mathematics about time, and she plans to
include concepts related to time measurement to integrate mathematical concepts.
Day 1: Shadows
Anchoring phenomenon: Shadows come in different shapes and sizes.

Mrs. H began her instructional segment on Groundhog Day (traditionally celebrated on
February 2). As the school day began, she took students outside and asked them to find as
many shadows as they could, and to explore them. How many could they find? What was
making each shadow? What made the biggest and smallest shadows? What discoveries did
they make as they explored? What questions did they have about shadows? They returned
inside and she read a story about the groundhog and its shadow to engage the students. She
told them that they would be observing their shadows over the next few days.
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GRADE ONE VIGNETTE 3.2: PATTERNS OF MOTION OF THE SUN

Investigative phenomenon: Shadows change direction and length during the day.

Immediately after reading the story, Mrs. H took the students back outside to a paved
section of the school grounds. The students would return to this location to observe and
measure their shadows during the week. The students worked with partners to trace their
shadows. One student drew two chalk Xs to mark the position of the feet where her partner
was standing while the other traced the shadow on the pavement. Then they traded roles and
traced the second student’s shadow. They were amazed at the length of their shadows! Just
before lunch they returned to their traced shadows, placed their feet on the Xs, and traced the
new positions of their shadows in a different color. They’re so short! Mrs. H asked the students
to predict where and how long their shadows would be in a few hours. At the end of the
school day, the students returned one more time to trace the new position of their shadows.
Before they left school for the day, the students compared their predictions with the actual
positions and lengths of their shadows.
Days 2–3: Observations and Patterns
Investigative phenomenon: Shadows follow a similar pattern each day over the
course of a week.

The students observed the position of their shadows and measured the length of the shadows from the position of their feet to the head of the shadow at the same three times each
day for three days during the week. With assistance from Mrs. H, the students recorded the
lengths and positions on charts she had prepared for them. The chart had places for students
to write the date, the time, and the length of their shadow and to draw a picture of the position of the shadow. By recording the time of their observations, students practiced telling and
writing time by the hour and half hour, a connection to mathematics (CA CCSSM 1.MD.3).
Mrs. H could have also worked with the expanded learning program at the school so
that some students measured shadows during the late afternoon to provide the whole class
with more opportunities to identify patterns [CCC-1] based on additional observations and
recorded information.
When the students analyzed the data [SEP-4] in their charts, they could see that there
was a pattern between the length of the shadow and the time of day, and that the pattern
repeated each day that week. Mrs. H had them create a table that summarized their findings:
blank

Morning

Lunch

Afternoon

Shadow direction

west

north

east

Shadow length

long

short

long

Shadow darkness

dark

dark

dark
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GRADE ONE VIGNETTE 3.2: PATTERNS OF MOTION OF THE SUN
The students noticed the differences among the ways these three features changed. The
darkness of the shadow did not change at all, the shadow direction moved in one direction (a
trend) and the length went up but then came back down (a pattern).
Day 4–5: Creating and communicating models
Investigative phenomenon: The arrangement of objects and light sources in the
classroom affects the length and direction of shadows.

Mrs. H wanted students to create a model [SEP-2] of a system [CCC-4] that made a
similar pattern. She asked them what objects they would need to create a shadow (What
components does the system need?). She gave the students a light source and an object to
block the light and told them, “I want you to perform an ‘exploriment’ with these materials,
moving them around so that you can see what causes the shadows to change. In five
minutes, your goal is to be ready to describe the changes you can make to the shadow using
the sentence When I _____, it causes _______.” Mrs. H circulated around the classroom
trying to harness the students’ playful energy. She encouraged them to try to shine the light at
the object from crazy places like right up above it (Where did its shadow go?) and from across
the room (It doesn’t work). At the end of the time, she asked students to communicate
[SEP-8] one finding to the class. She asked the rest of the students to identify and separate
the cause and the effect [CCC-2] in each student’s contribution.
Mrs. H then gave students the challenge to move their light so that it reproduced the trend
in shadow direction, the pattern in shadow length, and the lack of change in shadow darkness.
Would they start with the flashlight close to the object in the morning and move steadily
away? No! She circulated helping students reflect on whether or not their model accurately
reproduced all three features they had recorded on the data table. Students then converted
their physical model to a pictorial model [SEP-2] by drawing a diagram that they could share
with others.

Vignette Debrief
This vignette is anchored in a phenomenon that students experience every day, the rising
and setting of the Sun. Rather than observing the Sun directly, they observe shadows and then
relate the shadows to the apparent motion of the Sun across the sky using a classroom model.
SEPs. Students conduct an investigation [SEP-3] but play only a minimal role in the
planning at this stage. On days 4–5, students develop a physical model that reproduces the
patterns they observe.
DCIs. This vignette builds on students’ understanding of shadows and light (PS4.B) from
IS3. At the grade one level, students observe and describe patterns in the apparent movement
of the Sun, Moon, and stars (ESS1.A). They do not, however, explain how Earth’s rotation is
the cause [CCC-2] of the pattern. Although teachers can certainly respond to students who
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GRADE ONE VIGNETTE 3.2: PATTERNS OF MOTION OF THE SUN
have background knowledge about Earth’s rotation, it is not part of the grade one
performance expectation because many early elementary students do not have the spatial
reasoning to develop a complete physical model of the Earth-Sun system. As part of the
developmental progression, they will extend their observations of these patterns in grade five
(5-ESS1-2) and finally develop a model of the Earth-Sun system in the middle grades (MSESS1-1).
CCCs. This lesson focuses on observing and describing patterns [CCC-1] . Students begin
to recognize patterns that recur over time (instead of simply patterns in what they can see
in a given moment) and use them to make predictions. Students investigate [SEP-3] how
changes in the position of a light in a simple system [CCC-4] that includes a flashlight and an
object cause [CCC-2] the shadow to change length and position.
EP&Cs. The pattern of shadows is one of many important natural cycles that humans
depend upon (EP&C III).
CA CCSS Connections to English Language Arts and Mathematics. Students use
information they collected and recorded to write informational/explanatory text to accompany
their models. This connects to CA CCSS for ELA/Literacy W.1.2. As they recorded their
observations of their shadows, they wrote down the time of their observations (CA CCSSM
1.MD.3).
Resources:
Teacher-selected book on Groundhog Day

Like the Sun, the Moon also has several patterns [CCC-1] of change that students
can discover by direct investigation [SEP-3] . Students can focus on describing a single
pattern and using it to make predictions (1-ESS1-1). Students often ask, “How can we
study the Moon at school because we aren’t here during the night?” Storybooks usually
use the Moon as a symbol of the night, but students will discover that it is actually visible
just as often during the day as the night. Students can record which days it is visible
during the school day, taking careful note of the time of their observations (CA CCSSM
1.MD.3). Students will record similar data in grade five and then represent it more
precisely using graphs (5-ESS1-2). In grade one, students’ data analysis [SEP-4] should
answer questions about how many days the Moon was visible and whether it was more
often visible or hidden during the day (CA CCSSM 1.MD.4). Since the Moon can be hard to
spot during the day, teachers might need to direct student attention to the proper location
in the sky (teachers can consult an online almanac or app to help them). Students
might ask questions [SEP-1] about why the Moon looks so dim during the day. Teachers
can return to the idea that we see objects only when they are lit (by having light shined
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on them or by glowing themselves, as they learned in IS3), but students are not ready to
develop a full model of phases of the Moon until the middle grades (MS-ESS1-2).
Students can draw or photograph the shape of the Moon over several weeks; however,
only some of the Moon phases are visible during school hours. As a home–school
connection, children observe the Moon at night with their families (especially during winter
months when darkness comes before first grade bedtime). Students can search through
a selection of picture books and notice how the illustrator chose to draw the Moon. They
can arrange pictures from different books so that they reveal the pattern [CCC-1] in
the Moon’s apparent shape. Students should be able to use this pattern to make simple
predictions. How long does it take for the pattern to repeat? What will its shape look like
next week?

Opportunities for ELA/ELD Connections
Student can become familiar with the different phases of the Moon through a series of
read-aloud books such as The Moon Book by Gail Gibbons; Faces of the Moon by Bob
Crelin; Phases of the Moon by Gillian M. Olson; and The Moon Seems to Change
by Franklyn M. Bradley. The words full, half, rising, and setting are all high-utility
words that are worth introducing. Many books also emphasize names for each phase
of the Moon, and focusing on these terms can distract from the more important goal of
recognizing a consistent pattern in the Moon’s appearance.
CA CCSS for ELA/Literacy: RI.1.2, 4, 7, 10.a; L.1.4, 6
CA ELD Standards: ELD.PI.2.5, 6

Students can also collect data about how the Moon moves across the sky over the
course of a single day by direct observation. How long does it take to get from one place
to another in the sky? Is it the same pattern each day? Where will the Moon be at the
same time tomorrow? How does the Moon’s motion compare to the Sun’s? Students can
complement direct observations with other sources such as the sequence of illustrations
of the rising Moon in Goodnight Moon by Margaret Wise Brown (and the clocks in the
illustrations record the time).
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Sample Integration of Science and ELD Standards
in the Classroom
Students use observations and daily firsthand recordkeeping of the Sun (where it is
in the sky at different times of the day, the changes in a shadow throughout the
day) and Moon (where it is in the sky in relation to different parts of the schoolyard);
and use media and observations about the stars to describe patterns that can be
predicted (1-ESS1-1). They share the recorded information, via charts, pictures, and
writings, to compare predictions and analyze the patterns of these phenomena. They
use sentence frames to analyze the patterns, for example, “Today at ___, the Sun will
be ____ in the sky.” As students report patterns of motion of the Sun, Moon, and stars
in the sky, they select specific language needed for clarity, and can analyze other writers’
use of language. For example, students can describe the choice of verbs in a statement
describing what happens when the Sun and the Moon move across the sky: they appear
to rise in one part of the sky, and move across the sky, to set in another part of the sky.
To support students at the Emerging level of English proficiency, the teacher selects key
verbs and spends time teaching the meaning of these verbs in vocabulary lessons. The
teacher also asks students specific questions, such as, What verbs does the author use?
and, when necessary, verbally supports students when they respond.
CA ELD Standards: ELD.PI.1.7
Source: Lagunoff et al. 2015, 218–219
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Grade Two
The CA NGSS performance expectations for grade two organize themselves well around
a unifying theme of California landscapes. The year introduces the shapes of the mountains,
valleys, and coasts; plants and animals that live in them; the properties of the rocks and
materials that make them up; and the forces that cause them to change. Table 3.5 shows
an outline of four possible instructional segments to organize the year.
Table 3.5. Overview of Instructional Segments for Grade Two

1

Landscape Shapes
Students represent landscapes with 3-D physical models
and 2-D maps. They recognize patterns in the shapes and
locations of landforms and water bodies. They ask questions
about how these features formed.

2

Landscape Materials
Students learn to describe differences in material
properties. They explain how material properties can
change, especially focusing on changes caused by changing
temperature. Some of these changes can be reversed while
others cannot. Students relate the properties of materials to
how they can be used. Properties important to landscapes and
landforms include the strength of materials and their ability to
absorb water.

3

Landscape Changes
Some changes on Earth occur quickly while others occur
slowly. Students investigate several processes that sculpt
landforms and then create engineering solutions that slow
down those changes.

4

Biodiversity in Landscapes
Different landscapes support different types and
quantities of life. Students investigate the needs of plants
and engineer models that mimic their pollination and seed
dispersal structures. They then ask questions about how plant
needs are met in the physical conditions of different habitats.

Source: M. d’Alessio; Giel 2007; Woelber 2012; Abbe 2005

162

Chapter 3

2016 California Science Framework

Grade Two
Grade Two Instructional Segment 1: Landscape Shapes
California is known for its majestic mountains, sculpted glacial valleys, rolling
coastal hills, and expansive central valley. This instructional segment is the first
step on students’ paths to understand how California came to look the way it does today.
Many grade two students are not yet familiar with these broad features of the state, but can
recognize the local landscape such as a slight tilt in sections of their schoolyard or mountains
seen in the distance between buildings. In this instructional segment, students notice and
describe different shapes in their local landscape. They use physical or pictorial models to
represent these landscapes (as 3-D models and 2-D maps) and use published maps and models to learn about landscape features in California and around the world. They ask questions
about what causes these features to form and how quickly or slowly the change takes place.

GRADE TWO INSTRUCTIONAL SEGMENT 1: LANDSCAPE SHAPES
Guiding Questions
• How can we describe the shape of land and water on Earth?
Performance Expectations
Students who demonstrate understanding can do the following:
2-ESS2-2. Develop a model to represent the shapes and kinds of land and bodies of water in
an area. [Assessment Boundary: Assessment does not include quantitative scaling in models.]
2-ESS2-3. Obtain information to identify where water is found on Earth and that it can be solid
or liquid.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions (for
science) and Defining Problems (for
engineering)

ESS2.B: Plate Tectonics
and Large-Scale System
Interactions

[CCC-1] Patterns

[SEP-2] Developing and Using Models

ESS2.C: The Roles of
Water in Earth’s Surface
Processes

[CCC-4] Systems and
System Models

[SEP-4] Analyzing and Interpreting
Data

[CCC-3] Scale,
Proportion, and Quantity

[SEP-8] Obtaining, Evaluating, and
Communicating Information
CA CCSS Math Connections: 2.MD.10, 2.G.1–2
CA CCSS for ELA/Literacy Connections: W.2.2, W.2.7–8, W.2.10, SL.2.2, SL.2.e
CA ELD Standards Connections: ELD.PI.2.6, ELD.PI.2.10
CA History–Social Science Content Connections: K.4.4, 1.2.3, 2.2.1
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There is no better way to experience Earth materials and the forces that shape them into
a landscape than digging, pouring, and piling in a sandbox. Even with today’s modern computers and tools, researchers at California’s top universities still use physical models [SEP-2]
called fluvial geomorphology flumes that are essentially giant sandboxes. While formal
experiments in the schoolyard sandbox can be useful, this instructional segment begins with
relatively unstructured time to play in the sandbox. Teachers provide materials to dig, perhaps some water, and then observe and photograph different aspects of the play to highlight
later during the instructional segment. Schools that don’t have a sandbox could consider
building one as a class project, or teachers could use small plastic tubs filled with sand.
Teachers next connect the play in the sand to what students know about local
landscapes. Are there mountains nearby? Hills? Places that are higher or lower than others?
Walking around the schoolyard, students search for places where the landscape is not flat.
They roll balls or pour water and identify evidence that there are slopes even in some of the
flattest looking places by noticing the motion of the balls or water. How would they describe
the locations of these mini hills to someone in another class? Earth scientists use maps for
this challenge. Maps are models [SEP-2] of the world; they not only represent geographic
features, but maps are tools used to answer questions. Road maps depict how long it will
take to travel from place to place, weather maps predict where air will move, and geologic
maps record the history of ancient plate motions. Students may have designed their own
maps in earlier grades (CA History–Social Science Content Standards K.4.4, 1.2.3), and
now they must be able to represent the shape of landscapes on maps (including hills and
slopes). Teachers can return to the schoolyard sandbox (or classroom trays of sand or clay)
and challenge each student to design a mini landscape where they would like to live. Then,
students draw a map of their landscape and the teacher snaps a photo of the sandbox.
Trading maps, another student must try to recreate the landscape from scratch. Which maps
were most effective at communicating a landscape’s features?
Students progress to modeling [SEP-2] larger spaces, such as the entire school or a park
where they must indicate variations in topography (2-ESS2-2). Students are not expected to
construct or even be familiar with traditional topographic maps; they need to develop their
own ways of representing hills and valleys. Maps in grade two do not need to include a precise
scale. Students can then use maps to obtain information [SEP-8] about geographic and
environmental features of their town, a local park or region, or the entire state.
Students then focus on how these maps depict bodies of water. The intent is not for
students to memorize where water is found, but to recognize patterns [CCC-1] in where
water is found on Earth (2-ESS2-3). Water can move fast down a narrow path in a river or
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spread out in a lake or pond. It can be salty like the ocean or fresh like a lake. Maps help
students recognize that most of these bodies are connected as part of a water system
[CCC-4] . By tracing the paths of rivers on maps, students notice that most of California’s

rivers flow into and out of lakes and eventually make their way to the ocean. In fact, the
vast majority of water on Earth exists in the oceans. Tossing around an inflatable globe,
students can tally up the number of times their index finger lands on ocean versus land and
make a bar graph (CA CCSSM 2.MD.10) that illustrates the proportion [CCC-3] of Earth’s
surface that is covered by land and water. In grade two, students notice patterns in Earth’s
features that they will analyze in more detail during grade four (4-ESS2-2).

Opportunities for ELA/ELD Connections
While scientists use maps to depict geographic features, they also use language to
describe them. Students can make a list of all the different words they know to
describe land and water features (mountain, hill, valley, river, lake, pond, etc.).
Some of these words have very similar meaning (i.e., stream and creek) while
others depict differences in scale [CCC-3] (i.e. stream versus river or hill versus
mountain). Students gather information [SEP-8] from books and media to create
a booklet about landforms and the words to describe them. They draw and label a
different landform or body of water on each page, starting with the smallest bodies of
water or the lowest landforms on the first page and adding progressively larger or taller
features on subsequent pages.
CA CCSS for ELA/Literacy Standards: W.2.2, 7, 8, 10; SL.2.2
CA ELD Standards: ELD.PI.2.6, 10
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Sample Integration of Science and ELD Standards
in the Classroom
In small groups, students engage in developing models to represent the shapes
and kinds of land and bodies of water in an area (2-ESS2-2). Each group
examines graphics of a different type of landscape, labeling and writing brief text
explanations on the location and characteristics of the area. Students collaborate and
plan with their peers, using the image and text evidence to support their choices for
the materials, size, and process that they use to develop their models. After creating
their models, students briefly explain in writing why they chose the materials they did
and why they built the model the way they did. Before the students write, the teacher
leads them through examining a text with a similar structure so students can see the
way an author introduces the choices and supports them with reasons and evidence
(e.g., We chose to use crumpled paper to show mountains because we can make them
tall and jagged. Mountains in real life are tall and jagged.) To support students at the
Emerging level of English proficiency, the teacher pulls a small group and co-constructs
an explanation with them, taking ideas from the students while recasting and asking
probing questions to strengthen the writing.
CA ELD Standards: ELD.PI.2.11
Source: Lagunoff et al. 2015, 226–227

Maps and globes can also have symbols to depict ice and snow, another form of water.
This is the first time that students formally discuss the relationships between solids and
liquids. They discuss these materials more in the next instructional segment (IS2).
The class could then work together to create a giant model of California (or their own
town) using the entire sandbox, piling up mountains and carving out major river channels
in the places indicated on a map. They can add a grid system and practice locating features
(CA History–Social Science Content Standards 2.2.1).
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Opportunities for Mathematics Connections
Students draw a grid on a map or aerial photo of their community (figure 3.6) by
dividing up a rectangle into rows and columns with same size squares. They count
the total number of squares that have a particular feature (city versus nature versus
farms, land versus water, mountains versus valley floors, etc . . . ) (CA CCSSM
2.G.2). They create a bar chart communicating the comparison (CA CCSSM 2.MD.10).
Figure 3.6. Aerial Photo of a Community

Mostly city
Mostly farms
Mostly nature
Lake
River

Source: Illustration by M. d’Alessio using an image from Google Maps 2016.
CA CCSSM: 2.MD.10, 2.G.2

Up to this point, students have used the sandbox, drawings, and maps as
representations of their landscape, which is not quite the same as a model in the CA NGSS.
A model is a thinking tool that can be used to predict or explain how different objects will
interact. A representation can be used as a model when students ask questions like, “How
long does it take for water to travel from the mountains to the ocean?” or, “What happens
when the wind blows across this valley and then hits the mountains on the other side?”
Students will put their representations to work as models in the grade two IS3.

2016 California Science Framework

Chapter 3

167

Grade Two

Opportunities for Mathematics Connections
Paralleling the study of shapes in the CA CCSSM for K–2, the CA NGSS has students
exploring the significantly more complex shapes of natural landscapes. While
students have mastered the ability to identify simple shapes (CA CCSSM K.G.1) and
create composite shapes (1.G.2), how can they represent the bends and curves of
real-life objects in nature? Looking at a picture of a mountain, a valley, or a coastline,
students can draw a simplified version of the landscape (figure 3.7) using only simple
shapes such as triangles, quadrilaterals, and circles (CA CCSSM 2.G.1). Students observe
that a great variety of objects can be built from a small set of pieces (PS1.A, 2-PS1-3).
How well do these simple shapes represent the curves and bends in nature?
Figure 3.7. Using Shapes to Represent Natural Landscapes

Source: Cook 2013 (left); M. d’Alessio (right)
CA CCSSM: 2.G.1
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Grade Two Instructional Segment 2: Landscape Materials
In IS2, students explore four key ideas about materials: (1) different materials
have different properties; (2) material properties can change; (3) some of these
changes can be easily reversed and some cannot; and (4) the properties of a material affect
how it can be used by people and its role in the natural environment.

GRADE TWO INSTRUCTIONAL SEGMENT 2: LANDSCAPE MATERIALS
Guiding Questions
• How can we describe different materials?
• How are materials similar and different from one another?
• What sort of changes can happen to materials?
• How do the properties of the materials relate to their use?
Performance Expectations
Students who demonstrate understanding can do the following:
2-PS1-1. Plan and conduct an investigation to describe and classify different kinds of materials
by their observable properties. [Clarification Statement: Observations could include color,
texture, hardness, and flexibility. Patterns could include the similar properties that different
materials share.]
2-PS1-2. Analyze data obtained from testing different materials to determine which materials
have the properties that are best suited for an intended purpose.* [Clarification Statement:
Examples of properties could include, strength, flexibility, hardness, texture, and absorbency.]
[Assessment Boundary: Assessment of quantitative measurements is limited to length.]
2-PS1-3. Make observations to construct an evidence-based account of how an object made of
a small set of pieces can be disassembled and made into a new object. [Clarification Statement:
Examples of pieces could include blocks, building bricks, or other assorted small objects.]
2-PS1-4. Construct an argument with evidence that some changes in matter, caused by
mixing, heating, or cooling can be reversed and some cannot. [Clarification Statement:
Examples of reversible changes could include materials such as water and butter at different
temperatures. Examples of irreversible changes could include cooking an egg, freezing a
plant leaf, and heating paper.]
K–2-ETS1-3. Analyze data from tests of two objects designed to solve the same problem to
compare the strengths and weaknesses of how each performs.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
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GRADE TWO INSTRUCTIONAL SEGMENT 2: LANDSCAPE MATERIALS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-3] Planning and Carrying Out
Investigations

PS1.A: Structure and
Properties of Matter

[CCC-1] Patterns

[SEP-4] Analyzing and Interpreting
Data

PS1.B: Chemical Reactions

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument from
Evidence

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS for ELA/Literacy Connections: RI.2.3, 8; W.2.1, 8; L.2.6
CA ELD Standards Connections: ELD.PI.2.6, 10, 11, ELD.PII.2.5

One of the goals of playing with sand in IS1 was to give students first-hand experience
with material properties and how they could change. When sand is wet, it holds together
differently than when it is dry. To make a sand castle, which properties work best? To build
on this prior experience, students explore their schoolyard with a specific focus on the
materials that make it up. They make observations and record them in a table, noting what
materials they find, words to describe the material (ELD.PII.2.5), and what the material is
used for (table 3.6).
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Table 3.6. Example Schoolyard Exploration Notes
MATERIAL

WORDS TO DESCRIBE IT

WHAT IS IT USED FOR?

Metal

Shiny, Silver

Chair

Wood

Splintery, White

Fence

Playground Pavement

Hot, Broken

Playing

When students return, the class discusses the different words/adjectives they used to
describe each material. Does the adjective always apply to this material? For example,
the metal of the chairs in the classroom is always fairly shiny, but the concrete of the
playground is not always hot (especially on cold mornings). Students recognize that
the playground is broken and has cracks in it this year, but it probably didn’t when the
school was first built. From this wide range of descriptions of objects and materials in the
schoolyard, teachers help students focus on which are properties of the material itself and
which are simply how the materials are put together. If you break off a piece of concrete,
is it still concrete? Even though the concrete of the schoolyard is cracked, the relevant
property that describes concrete as a material is that it is breakable (though not easily!).
Classes can then come up with a list of properties of materials such as texture, hardness,
absorbency, flexibility, and whether the material is a solid or liquid. Then they can use
these properties to describe everyday materials during in-class explorations (2-PS1-1).
The two properties that are most important for landscapes are the hardness/strength of
the material (discussed more in IS3) and the ability to absorb water (discussed in IS4). To
build knowledge for these future segments, additional activities can explore each of these
properties. For example, to explore material strength, students make synthetic rocks using
different materials and drop them from different heights to see which are strongest. To
explore absorption, students can time how long it takes for a cup of water to soak into
different surfaces in the schoolyard (students may have to be taught how to use or read a
stopwatch).
While materials have certain properties when they are alone, those properties sometimes
change when different materials are mixed together. Students conduct investigations
to determine if objects mixed or fastened together can be separated into their original
components. For example, students can mimic the sorting strategies of recycling facilities by
separating metal and paper objects mixed together by using their unique properties (paper
floats while many metals are magnetic). While these materials remain separate when mixed
2016 California Science Framework
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together, other materials change properties when they are mixed, such as flour and water in
pancake batter, which students can explore with cooking activities.
Properties of some materials change when the temperature changes. Liquid water turns
into a hard solid when cooled in the freezer. Butter and chocolate both soften when warm.
Students can explore making sculptures out of beeswax, which begins as a rigid material
but becomes more flexible as students warm it in their hands. Other materials also flow
more easily when they become warmer, including corn syrup. Students can pour corn syrup
at different temperatures down a cardboard ramp and see how long it takes to travel a
certain distance. With corn syrup, its past history does not really affect its ability to flow—a
cup of syrup that was once in the freezer but now returned to room temperature should
flow identically to a cup that remained at room temperature the entire time. In other words,
the effects of temperature on corn syrup are entirely reversible. Students explore the
melting and freezing of ice cubes and find that it, too, is entirely reversible. Other changes,
however, are not. A toaster oven uses heat to turn soft, flexible bread into a browned, rigid,
and crispy toast. Cooling it back down does not make it soft again. Clay heated and fired in
a kiln never becomes soft and pliable again. Using evidence from a variety of experiences,
students should be able to construct an argument that some changes from heating, cooling,
or mixing can be reversed while some cannot (2-PS1-4).
Material properties become important in some forms of engineering because each part
must serve a specific function. Engineers try to design solutions that meet certain criteria.
If a material is not strong enough, too heavy, or simply unattractive, it may not be the best
choice for a particular solution. Would a jacket made out of paper keep you dry in the rain?
Would a jacket made out of aluminum foil be comfortable? Students can reverse engineer
different products by looking at the parts that make them up and their material properties.
To assess if students can choose the appropriate material for different engineering
challenges, teachers can present students with a series of design challenges, which they
begin by defining the problem [SEP-1] (figuring out what criteria are most important).
Then they select the appropriate materials to solve the problems (2-PS1-2). They would
need to perform tests [SEP 3] to determine the material properties and analyze [SEP-4]
the results.
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Engineering Connection: Create a Better Soil
Students play the role of agricultural engineers, trying to create a soil that retains
as much moisture as possible for plants to grow. They test sand, woody material
(bark), and clay (vermiculite) to see which will absorb the most water. They
place each ingredient in a plastic cup with holes in the bottom and pour in a
fixed amount of water. How much water leaks out? (Be sure to catch the water in
containers below to compare the amount that flowed through). They weigh each cup
before and after to figure out how much water was retained. Over the next few days,
they record how quickly the soil dries out (by measuring the weight). They get to blend
ingredients together to get the optimum mixture and test it (2-PS1-2; K–2-ETS1–3).
(This engineering connection could be completed during IS4 when students explore
the needs of plants in more detail.)

Engineering Connection: Create a New Toy
with Old Parts
Teachers can ask parents to bring in old electronics and appliances that students
can disassemble. With a briefing about proper safety precautions for sharp edges
(and with a few parent volunteers), the students use screwdrivers and pliers to
dismantle the devices. In their engineering notebooks, students make a list of the
different parts they find and their material properties. They ask questions [SEP-1]
about what each part does. Then, they try to reassemble the parts to design [SEP-6]
a new toy with the existing materials. They make a sketch of their toy and document
why they chose particular materials (2-PS1-3).

Grade Two Instructional Segment 3: Landscape Changes
Students apply their understanding of material properties to figure out which
natural forces affect landscapes. Every rock records a story. Earth scientists look
out on a landscape and ask questions [SEP-1] about both the processes that are actively
shaping it today and the specific sequence of events in the past that led up to the present-day. What makes the mountains tall? Why are some mountains steeper than others?
How are mountains and volcanoes related? Scientists plan and conduct investigations
[SEP-3] to answer those questions using what geologists often refer to as their natural

laboratory—Earth’s present-day landscape.
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GRADE TWO INSTRUCTIONAL SEGMENT 3: LANDSCAPE CHANGES
Guiding Questions
• What evidence do natural processes leave behind as they shape the Earth?
• How do the material properties of rocks affect what happens to them in landscapes?
Performance Expectations
Students who demonstrate understanding can do the following:
2-ESS1-1. Use information from several sources to provide evidence that Earth events can
occur quickly or slowly. [Clarification Statement: Examples of events and timescales could
include volcanic explosions and earthquakes, which happen quickly, and erosion of rocks,
which occurs slowly.] [Assessment Boundary: Assessment does not include quantitative
measurements of timescales.]
2-ESS2-1. Compare multiple solutions designed to slow or prevent wind or water from
changing the shape of the land.* [Clarification Statement: Examples of solutions could include
different designs of dikes and windbreaks to hold back wind and water and different designs
for using shrubs, grass, and trees to hold back the land.]
K–2-ETS1-2. Develop a simple sketch, drawing, or physical model to illustrate how the shape
of an object helps it function as needed to solve a given problem.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

ESS1.C: The History of
Planet Earth

[CCC-6] Structure and
Function

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ESS2.A: Earth Materials and
Systems

[CCC-7] Stability and
Change

[SEP-8] Obtaining, Evaluating,
and Communicating

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the
Design Solution

CA CCSS for ELA/Literacy Connections: RI.2.1, 3
CA ELD Standards Connections: ELD.PI.2.6, 11

How long is “a long time”? When it comes to the Earth, some changes take so long
that they are difficult for adults to fathom, let alone students in grade two. But not all
Earth processes are slow: an entire mountainside that took millions of years to be thrust
up might collapse in a few minutes during a major landslide or volcanic explosion. The San
Andreas Fault, which has been active for more than 20 million years, can move an entire
city more than 30 feet in a single lurch lasting just a few seconds. Each of these processes
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leaves evidence behind by the way it changes [CCC-7] the shape of landscape. Students
have some familiarity with different processes occurring on different time scales [CCC-3] :
their hair may grow so slowly that they don’t notice, but it can be cut in just a few seconds
causing a major change [CCC-7] in their hair style.
Before students can understand the different timescales of Earth processes, they must
have some familiarity with the processes that shape the landscape. In IS1, they documented
the shapes of landforms and now they are ready to start asking questions [SEP-1] such
as, “What caused [CCC-2] this landform to be shaped this way?”
Students begin by making observations of landforms that display different and
interesting shapes (using local examples when possible). Much like sculpting a statue out
of stone, certain natural forces had to break off pieces of rock and move them away to
create each landform. On Earth, wind and water are the most common natural forces that
accomplish these tasks. Students plan investigations of each. They pour water onto the top
of a stream table (a container or tray filled with sand propped up on one end to represent a
sloping mountain side), a physical model [SEP-2] that simulates a river. They investigate
[SEP-3] the effects [CCC-2] of different amounts of water, steepness, or adding different

materials to the riverbed. Within a given scenario, which changes happened rapidly and
which changes happened slowly? Why? Which scenarios produce the most rapid changes
overall? How would the results differ if the stream table were filled with a material that was
stronger or less absorbent? The material properties of rocks have a strong effect on how
quickly the rocks erode in real landscapes. In a different experiment, students blow into
straws as a physical model of the wind. The landforms that are created by the wind often
have very different shapes than landforms created by moving water. Students can learn to
recognize these differences, and teachers ask students to use the shapes of the landforms
as evidence to argue [SEP-7] that either wind or water was responsible for sculpting a
given landform in a sandbox. Professional geologists use this same strategy of looking at
landform shape to infer the history of the landform and the processes that shaped it.

Opportunities for ELA/ELD Connections
Using a cause and effect template [CCC-2] or note-taking guide, students investigate
and record the natural processes that cause changes in landforms. Keep in mind that
some students may benefit from working and discussing their thinking in pairs or in
small groups. Students should address the questions what, where, when, why, and
how when describing the processes that cause changes in landforms.
CA CCSS for ELA/Literacy Standards: RI.2.1, 3
CA ELD Standards: ELD.PI.2.6, 11
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Engineering Connection: Design a Way to Slow or Stop
Changes to the Landscape
Student can turn their investigations of natural processes that change landforms
into an engineering design challenge to slow down or eliminate the changes to the
landscape by wind or water. They sketch their design and add labels to depict how
its shape reduces the effects of the wind or water (K–2-ETS1-2). They explain how
the properties of the materials they use help the design accomplish its function. After
building and testing their designs, they compare their solution to their classmates’,
identifying specific advantages and disadvantages of each design (2-ESS2-1).

Building on their firsthand experience with processes that shape landscapes, students
obtain information [SEP-8] about specific landforms in California and beyond from

textbooks or articles appropriate to their grade level. They focus on the processes and
timescales in which water and wind shape each landscape. Some of the landforms can reveal
the effects of different strength materials, like the hard dark rocks at Moss Beach that remain
in curved layers while the waves have eroded the softer rocks around them (figure 3.8).
Figure 3.8. Examples Where Strong Rocks Erode More Slowly Than Weak Rocks

Curved layers of dark rock erode slowly at Moss Beach, California (left) and red layers are stronger
and remain massive while white layers are eroded in dramatic vertical lines in Red Rock Canyon
State Park, California (right). Source: Powell et al. 2007; David~O 2010

To assess their understanding of how different events change the landscape at different
rates, each student selects two landforms to compare side-by-side: one that formed slowly
and one that formed quickly. Which changes could they witness in a single day and which
would take lifetimes? They describe how each one was shaped by different processes
working on different timescales (2-ESS1-1).
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Sample Integration of Science and ELD Standards
in the Classroom
Students read a text comparing time periods (e.g., an instant versus their age
versus centuries). They work as a class and in small groups to make observations
(firsthand or from media) to construct an evidence-based account for Earth events
that occur quickly (e.g., earthquakes) or slowly (e.g., rock erosion) (2-ESS1-1). The
students participate in collaborative investigations such as tumbling various types
of rocks in plastic tubs with water to see if any changes occur, and compare these
investigations to a water-table model of erosion (using different soil types and/or
different amounts of water) and/or video footage of mudslides, volcanoes, earthquakes,
and beach erosion. Using key academic vocabulary that the teacher has posted on a
word wall, students have conversations in which they provide detailed descriptions and
analysis of their observations of text and images, as well as class collaborative and
individually recorded ideas, to formulate clarification questions, provide summaries,
and share results. The teacher provides various supports during these activities for the
students at the Emerging level of English proficiency. For example, during the reading
activity, the teacher shows pictures and other labeled graphic representations of the
concepts to help students understand. After the reading activity during designated ELD
time, the teacher works with the students to unpack the meaning of a key complex
sentence within the text.
CA ELD Standards: ELD.PI.2.6
Source: Lagunoff et al. 2015, 216–217
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Grade Two Instructional Segment 4: Biodiversity in Landscapes
Ecosystems include biological components (plants and animals) and physical
components (e.g., water, light, soil, air). Living organisms within an ecosystem
will survive and grow only if their needs are met. Different ecosystems provide different
resources to plants and animals, and the variety of organisms in certain habitats depends on
the availability and abundance of these resources.

GRADE TWO INSTRUCTIONAL SEGMENT 4: BIODIVERSITY IN LANDSCAPES
Guiding Questions
• How can we determine what plants need to grow?
• How do plants depend on animals?
• How many types of living things live in a place? How can we tell?
Performance Expectations
Students who demonstrate understanding can do the following:
2-LS2-1. Plan and conduct an investigation to determine if plants need sunlight and water to
grow. [Assessment Boundary: Assessment is limited to testing one variable at a time.]
2-LS2-2. Develop a simple model that mimics the function of an animal in dispersing seeds
or pollinating plants.*
2-LS4-1. Make observations of plants and animals to compare the diversity of life in different
habitats. [Clarification Statement: Emphasis is on the diversity of living things in each of a
variety of different habitats.] [Assessment Boundary: Assessment does not include specific
animal and plant names in specific habitats.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and Using
Models

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-1] Patterns

[SEP-3] Planning and Carrying
Out Investigations

LS4.D: Biodiversity and
Humans
ETS1.B: Developing Possible
Solutions

[CCC-2] Cause and Effect:
Mechanism and Explanation
[CCC-6] Structure and
Function

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS for ELA/Literacy Connections: W.2.3, 4, 7, 8, 10
CA ELD Standards Connections: ELD.PI.2.2, 6, ELD.PII.2.6
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This instructional segment builds directly on activities and understandings from kindergarten
and grade one. In kindergarten, students noticed patterns in the needs of living things. Here
in grade two, they revisit the same DCI using a more sophisticated implementation of the
SEPs. Rather than just noticing patterns in what they see and know, they now must plan
and conduct an investigation [SEP-3] to gather and analyze [SEP-4] systematic evidence

about the needs of plants (2-LS2-1). In grade one, they performed an engineering task to
mimic the structure/function [CCC-6] relationships of plants or animals, and now they
revisit the same CCC and SEP and use them to gain a deeper understanding of DCIs about
how plants depend on animals to help them reproduce—both for pollination and seed
dispersal (2-LS2-2).
Exploring the local schoolyard provides students valuable context to help them meet the
performance expectations in this instructional segment. Students can begin by visiting their
schoolyard and describing the physical conditions in different sections of the school. Which
have the most sunlight and which receive the most water? These observations can motivate
questions like, How much sunlight or water do plants need to survive? They can then plan
an investigation [SEP-3] to answer that question (testing just one factor at a time; 2-LS2-

1). In grade two, the emphasis of this investigation is on answering a question and students
do not need to know any of the vocabulary related to investigational design. Students
should start with living plants for this task rather than seeds since seeds can germinate and
grow in the absence of light until they run out of the energy stored in the seed. Because
every plant, like every person, is a unique individual that may have a different growth rate,
teachers can explicitly emphasize the value of making many observations to answer this
question. If one plant fails to grow, it may be due to a weakness in that specific plant. If
almost all the plants that experience similar growing conditions fail to grow, students can be
more confident in the strength of the evidence.
Students are now ready to put together their observations about the needs of plants,
the fact that different locations have different physical conditions (including the amount of
water and light), and the differences in material properties at each location. Can students
expect different plants and animals to survive in different locations? The following vignette
allows them to explore this question. In grade two, however, they will not explain the links
between biodiversity and physical conditions. Instead, they will ask questions [SEP-1] and
start to notice patterns [CCC-1] in where things live and what conditions are like there.
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Performance Expectations
Students who demonstrate understanding can do the following:
2-LS4-1. Make observations of plants and animals to compare the diversity of life in different
habitats. [Clarification Statement: Emphasis is on the diversity of living things in each of a
variety of different habitats.] [Assessment Boundary: Assessment does not include specific
animal and plant names in specific habitats.]
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-3] Planning and Carrying
Out Investigations

LS4.D Biodiversity and
Humans

[CCC-2] Cause and Effect:
Mechanism and Explanation

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: 2.MD.10
CA CCSS for ELA/Literacy Connections: W.2.7, W.2.8
CA ELD Standards Connections: ELD.I.2.1, 9; 12

Introduction
In this series of lessons, Mr. B takes his students outside the classroom to observe animals
(mostly insects) and plants in their habitats. He augments the students’ observations with
informational texts and class discussions on animals and plants and their habitats. His goal
is for students to understand concepts such as diversity and abundance and the impacts of
human activities on habitats.
Day 1–2: Plants and Animals Near Our School
Students conduct an investigation by collecting data about this diversity of plants and
animals on their schoolyard or in the surrounding neighborhood.
Day 3: Different Needs of Various Plants in an Ecosystem
Students obtain information from texts about the factors that affect diversity in a particular
place.
Day 4–5: Mapping Habitats
Students identify patterns in the diversity of different sections of their field area and make
maps of different habitats. They then compare their map to a map of California’s habitats.
Day 6: Documenting Human Changes to Habitats
Students return to the field to compare areas that are more natural with those that are
affected by human activities. Students identify specific cause and effect relationships in their
observations.
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Day 7: Improving a Local Habitat
Students communicate ideas for reducing human impacts on their local habitat and put
them into action.
Day 1–2: Plants and Animals Near Our School
Anchoring phenomenon: Different numbers of organisms and types of organisms live
in different locations on the schoolyard.

Students in Mr. B’s class were going to investigate [SEP-3] living things in a few
different areas around the schoolyard, in a nearby park, in the local neighborhood, or at a
nature center. Mr. B asked them, “Since the whole class is going, we will certainly find people
everywhere we go. But do you think we will find anything else that is alive on the schoolyard?”
A few students shook their heads no at first, but then someone mentioned the trees, the
weeds, and even tiny ants. Mr. B agreed that most of the animals they would encounter are
small such as insects, which meant that students would need to look very carefully. He also
asked them if they thought some places would have more living things than others. They
generally agreed that the playground would have fewer living things than the school garden,
but they disagreed about how much life there would be in the plants by the front office. Mr.
B told them that he wanted them to find out which places had the most life. A student asked,
“Do we have to count all the creatures? There could be a thousand ants, but that’s just one
type of thing.” Mr. B said that both the number of different types of things and the number
of things could be interesting and that they should track both quantities [CCC-3] . Students
complained that it will take them all day to count all the blades of grass on the entire soccer
field, so Mr. B suggested that they focus on a small section of each location and shows them
how they can take the ends off of a cardboard box so that it creates a little fence around an
area (field biologists use a device called a quadrat box to accomplish the same task). If every
group of students had the same size box, they could all look at the same size area and then
compare their results.
The students took their science notebooks and pencils with them on a walk outside. With
Mr. B leading the way and a parent volunteer following along, the students visited green
areas on the campus, in a nearby park, in the local neighborhood, (or at a nature center).
At each location, they placed their quadrat box down and counted the number of organisms
and the number of different types of plants and animals. Since students could not identify
many different species by name, Mr. B told them to just draw a picture and label it with a few
descriptive words like “brown bug.” At each location, Mr. B also had students describe the area
in as much detail as possible in their science notebooks. What materials did they see? What
did it feel like to sit at this location? They took a photograph of each location to supplement
their descriptions.
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When students returned to their classroom, Mr. B had students compile all their data into
a table on the board. For each location, each group wrote up the number of different types of
living things and the total number of individual organisms they had recorded. Mr. B asked the
students to analyze their data [SEP-4] by sorting the locations based on the two numbers
they collected. The middle of the playground was the lowest on both counts (though everyone
was surprised that they had found a number of different organisms there, too!). The school
garden had the most types of living things, but a grassy section by the front yard of the school
had more individual organisms. Mr. B asked students to look at their field notes and see if they
could find evidence about why some sites had more life than others. Mr. B asked students to
record some possible explanations in their science notebooks, labeling them with “Possible
Interpretations of Our Data” [SEP-4] . Students wrote down several observations: “There is
no place for plants to grow on the playground because the ground is too hard,” “The garden
has a lot because we water it all the time,” and, “I think the school waters the plants by the
front office and it is also shadier than the hot garden.” For each interpretation, Mr. B instructed
students to write out complete sentences below that clearly stated the evidence they were
using to help them make this claim [SEP-7] . As Mr. B circulated around, he spotted one
particularly interesting entry and wrote it on the board: “I think that there are more animals
at the sidewalk because there are more plants there.” Mr. B asked students if they could test
this idea. He asked them to return to their notebooks and tally up the number of plants and
animals. Did locations with more plants have more animals? If so, why might that be? Mr. B
was laying the foundation for concepts of interdependent relationships in ecosystems. What
affects how much life there is at a particular location? Mr. B instructed each student to write
one question [SEP-1] of their own in their science notebook about the data the class had
collected.
Day 3: Different Needs of Various Plants in an Ecosystem
Students had ended the previous day with a question about what affected the amount
of life in a particular location. Students could come up with many ideas about important
factors, so Mr. B decided to give the students a word to describe all of these factors together:
ecosystem. He asked students if they had heard this word before and what they think it
means. Building on the students’ suggestions, Mr. B explained that an ecosystem is made of
living and nonliving things that are found together and that affect each other.
Everyday phenomenon: Blackberry plants and Joshua trees grow in different places
with different physical conditions.

Since students had experience in the school garden, Mr. B decided to focus on that ecosystem. He asked students to list some of the things that the plants in their garden need to
survive. As students brought up different plant needs, Mr. B posted a word card (available at
http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link6) on the wall to reinforce each of these several
domain-specific terms that students will use to describe what plants need from the habitats
where they live: moisture, nutrients, pollination, soil, suitable temperatures, water. As he
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introduced each new term, he asked a student to describe one of their observations from
the previous day’s notebook entries using the new word. He expanded on this discussion by
having the class brainstorm a list of some of the things that plants living in a forest ecosystem
need to grow and survive. Then, working in groups of three, the students read and discussed
two sets of informational text, Would Blackberries Grow…? and What a Joshua Tree Needs
from the Desert (available at http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link7). Mr. B asked
students to compare ( evaluating information [SEP-8] ) the specific needs of blackberries and
Joshua trees using the new words they had learned. Could students identify plants from their
schoolyard field trip that have different needs or can survive in different conditions?
Days 4–5: Mapping Habitats
Investigative phenomenon: Different numbers of organisms and types of organisms
live in different locations on the schoolyard (returning to investigate the anchoring
phenomenon).

The following day, Mr. B had students walk their field trip route a second time, this time
to make a map of areas with similar conditions and similar living things. They needed to
identify patterns [CCC-1] in the ecosystems. The grass of the school playing field was similar
to the small patch of grass between the sidewalk and the road in front of the school, so
students decided to mark both of those spaces green and added a new category to their map
legend called “grassy.” The sidewalk, the playground, and the road all had hard ground and
only a few weeds growing in cracks, so they colored those spaces grey and added the legend
item “pavement.” Landscaped garden areas received a different category, while various “wild
patches” of weeds were a different one—even though both have lots of plant life, the types of
plants were clearly different.
Investigative phenomenon: Different regions of California have different plants
and animals.

When they returned to the classroom, Mr. B showed them a wall map of California’s
Habitats (available at http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link8). In grade two, students
were just beginning to examine maps of California and beyond and could identify essential
map elements on the wall map (CA History-Social Science Standards 2.2.2). Like on their own
map, areas with similar conditions and similar plants and animal life are grouped together
using the same symbols. Mr. B called on different students and asked them to describe the
differences they see between two different habitats on the map. “What might make them have
different plants and animals?” he asks. The answer always has the same general pattern—the
two regions had different amounts and types of the things needed by plants and animals to
survive. These differences in conditions led to a wide variety of living things, a concept called
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diversity. Students recorded the diversity of living things during day 1 when they counted the
number of different types of organisms. Mr. B used the habitat map to emphasize diversity in
California’s ecosystems, plants, and animals.
Day 6: Documenting Human Changes to Habitats
Investigative phenomenon: Areas affected by humans have different organisms
than areas not affected by humans.

Students returned to their field trip route one more time, this time looking for places where
humans have influenced plant and animal life. He asked students, “In what ways can humans
change the habitats where plants and animals live? How do these changes affect the survival of
the plants and animals that live there? What might happen to the variety of living things around
the school or in the nearby park if humans change the conditions again?”
During this field trip, the class investigated two types of areas: ones that had been disturbed
by humans and others that were in a more natural condition. As they visited these sites, the
students made notes and simple drawings in their science notebooks about the condition of the
habitats, the evidence for human activity, and the abundance of plants and animals.
Upon their return to the classroom, the students worked in pairs using the notes from
their field trip to summarize their observations. To help draw their attention to specific cause
and effect [CCC-2] relationships, Mr. B created a two-column chart. He labeled one column
“cause” and the other “effect.” Students shared ideas based on their observations about the
changes that had occurred in the different habitats they investigated as they tried to place
their observations into the correct column of cause or effect. Mr. B circulated around the class,
helping students distinguish between the causes and effects and making sure that students
were able to articulate both a cause and a matched effect for every row.
Day 7: Improving a Local Habitat
Investigative phenomenon: How do we decrease the effects of humans on plants
and animals?

Mr. B challenged the students to come up with ideas about what they as a class or as
individual students might do to decrease the effects of human activities on plants and animals.
He then acted as the recorder as the students shared their ideas about how to decrease the
effects of human activities.
To assess their understanding of these concepts, Mr. B told the students that they were going
to communicate [SEP-8] what they learned through their research by creating informational
posters. He told them that they should include three different items on the posters: a drawing
from their science notebook showing a natural habitat, a drawing from their science notebook
showing the effects of human activities, and a description of how humans could decrease
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their impact. Excited by what they had learned, the students asked if they could display their
posters in the hall outside the classroom to share with other students and their parents.
Student posters focused a lot on trash in the natural environment, with much of the
litter being recyclable. Mr. B helped students collaborate with the school’s expanded learning
program on a recycling project. During expanded learning time, students created signs to glue
to recycling boxes and placed the recycling boxes around the expanded learning space. They
encouraged other students in the expanded learning program to recycle used paper. At the
end of week, the students emptied the boxes in the school’s recycling containers.

Vignette Debrief
This vignette is anchored in a phenomenon that students experience every day. As they
walk to and from school, they may see different trees, shrubs, birds, squirrels, or other
animals and plants. Students go on a field trip around the school and neighborhood to
observe different types of organisms that live in various locations. Most importantly, students
communicate their ideas for reducing human impacts on their local habitats and put them into
action through a recycling project.
SEPs. Students were engaged in a number of science practices with a focus on the SEP
of planning and carrying out investigations [SEP-3] . Each time they went out to collect
data, they were motivated by a specific question. And each time they returned, they always
had a specific activity designed to help them analyze and interpret their data. Sometimes the
analysis used some mathematical thinking (days 1–2) during which students were making
quantitative comparisons and sorting them. Students communicated their understanding
[SEP-8] on the final day as an informational poster.
DCIs. This lesson highlights the concept of biodiversity, and how humans can influence that
biodiversity (LS4.D).
CCCs. On days 4–5, the map itself was a form of analysis as students noticed patterns and
created categories while they were still in the field. On day 6, students described the pattern
and interpreted their observations in terms of cause and effect [CCC-2] .
EP&Cs. The vignette also demonstrates the utility of getting outside into the schoolyard
and surrounding community to make observations. Urban habitats are the ones most familiar
to many students, and it is the goal of the CA NGSS that all students understand the world
around them. Part of the goal is so that they will be better stewards of that world and seek to
make it better. Since habitats close to schoolyards are almost certainly affected by humans,
this lesson also provides a forum to for students to develop an understanding of California
Environmental Principle II Concept a: Direct and indirect changes to natural systems due
to the growth of human populations and their consumption rates influence the geographic
extent, composition, biological diversity, and viability of natural systems. The lesson ends
with students not only suggesting ways to minimize human impacts, but with them pursuing a
specific solution. This lesson sequence does not go into great depth about the design process,
but developing systems to solve problems is an example of engineering.
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CA CCSS Connections to English Language Arts and Mathematics. Students used
the text in Would Blackberries Grow…? and What a Joshua Tree Needs from the Desert
as the sources for a shared research project, connecting to the CA CCSS for ELA/Literacy
Standard W.2.7. In addition, they used their science notebooks to make notes and gather
information about the diversity of plants and animals living nearby and human disturbances
they observed. Students also used this information to answer questions during a round-robin
discussion, corresponding to CA CCSS for ELA/Literacy Standard W.2.8, as well as creating an
informational poster. After students conduct an investigation of the schoolyard, they compile
their data in a table (CA CCSSM 2.MD.10). They identify patterns in the diversity of different
sections of their field area and make maps of different habitats. They then compare their map
to a map of California’s habitats.
Resources:
California Education and the Environment Initiative. 2011. Cycle of Life. Sacramento: Office of
Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link9
California Education and the Environment Initiative. 2011. Flowering Plants in Our Changing
Environment. Sacramento: Office of Education and the Environment. http://www.cde.
ca.gov/ci/sc/cf/ch3.asp#link10
California Education and the Environment Initiative. 2011. Open Wide! Look Inside!
Sacramento: Office of Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch3.
asp#link11

Engineering Connection: Design a Seed
Animals can move around in a habitat, while plants cannot. Due to this lack of
mobility, plants depend on animals to pollinate them or to move seeds around.
Students can directly observe these relationships by watching bees visit flowers
or by looking at seeds stuck to their clothing after they walk through a patch of
weeds. Students can dissect seeds and flowers that they or their teacher collected
from the schoolyard or around the community. They can closely inspect the specific
structures of the flower that are involved in pollination or parts of the seed that allow
it to stick to an animal’s fur or a person’s clothing. Using simple materials provided by
their teacher, students can create physical models [SEP-2] that mimic the behavior
of pollinators or seeds (2-LS2-2). Students can compare their solutions by testing
their devices to see how well they pollinate or disperse seeds. Using the evidence
from their tests, they can engage in argument [SEP-7] to compare and contrast the
characteristics of different devices.
(A detailed snapshot of this engineering design challenge appears in chapter 11 of this
framework on instructional strategies.)
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Opportunities for ELA/ELD Connections
To help students develop their understanding of causality [CCC-2] , have them think
of several effects for a cause or circumstance involving plants in different habitats
using an “if/then” structure (either in narrative text or a poem). For example:
If a plant lives in the desert where there is not much water,
… then it needs long roots to get water.
… then it often has few leaves or a protective coating on the stem.
… then it won’t grow much during times with little water.
CA CCSS for ELA/Literacy Standards: W.2.3, 4, 8, 10
CA ELD Standards: ELD.PI.2.2, 6, ELD.PII.2.6

Science Literacy and English Learners
Science classes are ideal environments for all students to learn and develop language
skills. Science and engineering give students something to talk about because they address
high-interest topics, manipulate real-world materials, and have collaboration inherent in
science and engineering practice. To maximize the synergies between English language
development (ELD) and science, the SBE commissioned a document—Integrating ELD
Standards into K–12 Mathematics and Science Teaching and Learning: A Supplementary
Resource for Educators—which provides examples of how the state ELD standards and the
CA NGSS can complement one another (Lagunoff et al. 2015; http://www.cde.ca.gov/ci/sc/
cf/ch3.asp#link12).
Excerpts from that document appear throughout this chapter as “Sample Integration of
Science and ELD Standards in the Classroom.”
The vignette below shows a glimpse into a classroom where a deliberate approach to
integrate the CA NGSS, CA CCSS for ELA/Literacy, and the CA ELD Standards enhances
all three of these areas. Like all the vignettes in this document, this is just one example
approach to teaching these standards. In fact, the three performance expectations featured
in this vignette also appear within snapshots in IS2 and IS3 in kindergarten to provide
different perspectives on how to teach the same content.
This particular vignette highlights scaffolding approaches for English learners at both the
level of lesson organization and individual student interactions. It is not a comprehensive
view of all the factors that educators need to consider nor is it universal since pedagogical
and scaffolding approaches will depend on individual student needs. Nonetheless, it
attempts to illustrate a few research-based instructional practices.
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Performance Expectations
Students who demonstrate understanding can do the following:
K-LS1-1. Use observations to describe patterns of what plants and animals (including
humans) need to survive. [Clarification Statement: Examples of patterns could include
that animals need to take in food but plants do not; the different kinds of food needed by
different types of animals; the requirement of plants to have light; and, that all living things
need water.]
K-ESS2-2. Construct an argument supported by evidence for how plants and animals
(including humans) can change the environment to meet their needs. [Clarification Statement:
Examples of plants and animals changing their environment could include a squirrel digs in
the ground to hide its food and tree roots can break concrete.]
K-ESS3-3. Communicate solutions that will reduce the impact of humans on the land, water,
air, and/or other living things in the local environment.* [Clarification Statement: Examples of
human impact on the land could include cutting trees to produce paper and using resources
to produce bottles. Examples of solutions could include reusing paper and recycling cans and
bottles.]
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-4] Analyzing and
Interpreting Data

LS1.C: Organization for
Matter and Energy Flow in
Organisms

[CCC-1] Patterns

ESS2.E: Biogeology

[CCC-4] Systems and System
Models

[SEP-7] Engaging in
Argument from Evidence
[SEP-8] Obtaining,
Evaluating, and
Communicating Information

[CCC-2] Cause and Effect:
Mechanism and Explanation

ESS3.C: Human Impacts on
Earth Systems
ETS1.B: Developing Possible
Solutions

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: 1.MD.3
CA CCSS for ELA/Literacy Connections: W.K.1, W.K.7 , SL.K.1
CA ELD Standards Connections (Expanding): ELD.PI.K.2, ELD.PI.K.5, ELD.PII.4
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Introduction
Mrs. J’s Kindergarten classroom is a place where children can wonder about the world and
actively engage in inquiry about it through observing, questioning, exploring, communicating,
and working with others. At the beginning of this vignette, the children are learning about
how people can choose to care about and protect the environment. Mrs. J’s goal is to immerse
her young students in interactive learning tasks during which they can explore new ideas
about the environment and environmental issues, discuss their questions and thinking, and
work collaboratively to problem solve. She does not merely want her students to learn about
environmental protection and conservation; she wants them to be able to practice it by
developing the knowledge and skills needed for lifelong environmental stewardship.
Mrs. J integrates environmental awareness every day, all year long. For example, the
words and photographs on the alphabet cards the children use to learn their letter names
represent the natural environment (L is for Leaf, O is for Ocean, R is for Rainbow, etc.). This
allows her to (1) support the children in their foundational skills development and build their
vocabulary knowledge, (2) use the rich context of the natural world and students’ personal
experiences, and (3) engage the children in conversations about the natural world and
environmental issues related to the words.
Currently, the class is learning about water and water conservation: why animals, plants,
and people need clean, fresh water to survive; the effects of a recent California drought; and
how people can choose to protect and conserve fresh water (EP&Cs I and II). The three big
ideas that guide lesson planning for the learning segment are
1. living things in the natural world have similar needs;
2. children can choose to care about nature and conserve natural resources;
3. children can engage other people to care about and protect the environment.
Mrs. J’s students live in a culturally and linguistically rich urban neighborhood. Roughly
half of the children in the class speak African-American English with their families at home,
and several children are bilingual and proficient in both Spanish and English. The remaining
students are English learners (EL), most of whom were born in the United States. Most of the
EL children are at the Expanding level of English language proficiency, and they have a solid
grasp of conversational, or everyday English. Three of the EL children are new to the United
States and are at the early Emerging level of English language proficiency. Most of the children
in the class have socioeconomically disadvantaged backgrounds and have limited access
to academic English in their home environments. Mrs. J knows that each of her students is
capable of thriving with an intellectually rich science curriculum and that she needs to both
cultivate their curiosity about the world and support their deeper learning with appropriate
types and levels of scaffolding.
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Lesson Context
At this point in the learning segment, the children have been learning about water for
about a week. They have been listening to and discussing the ideas in many informational
texts that Mrs. J has been reading aloud to them, and they have been exploring water during
science investigation lessons and at the science observation station. The previous week,
the children started learning about different marine and freshwater aquatic ecosystems in
California (estuaries, salt marshes, lakes, ponds, rivers, wetlands), and they viewed short
media pieces about some of the ecosystems. As they were learning about these ecosystems,
the class started a large butcher paper mural representing them, along with labels and
questions they had written on sticky notes. As they progress through this learning segment,
they will add details regarding how ecosystems provide resources that living things need.
The class has also started building a scientific vocabulary wall with these and other
words, including conserve, protect, natural resource, pollute, reduce, and recycle. The
words are accompanied by pictures and illustrations, along with student-friendly explanations
(for example, reduce—use less; protect—keep safe). Mrs. J would like the children to feel
comfortable using these words in their conversations and when they write daily about the
topic, so she has used students’ natural language during class experiences and discussion to
define the technical vocabulary in the lesson. For example, when the class washes their hands
before snack time, she asks, “Is it ok to just let the water run for a long time while I wash my
hands? Do I care how much water I use?” Students respond with ideas such as “No, the water
costs money” or “That would waste the water.” Mrs. J then asked, “So, we should save the
water? Another way to say that is conserve. Let’s be sure to turn off the faucet while we soap
up our hands so we don’t use more than we need to. That way, we’re conserving water.” She
then encouraged students to say, “I am conserving water,” when they turn off the faucet to
soap up their hands.
At other times, Mrs. J explicitly taught some of the words to the children and encouraged
them to use the words frequently in meaningful ways (for example, when they sing songs
or chant poems or when they are making observations).1 Mrs. J also models how to use the
words several times each day.
By focusing intentionally on both content knowledge and language, Mrs. J is supporting
the children to build both their science conceptual understandings and their awareness of
how language works in science. The children will draw upon all of this integrated knowledge
to write a letter about water conservation to the editor of the local newspaper. The following
learning target and CA NGSS performance expectations guide Mrs. J’s lesson planning.

1. See the ELA/ELD Framework, chapter 3, Kindergarten designated ELD vignette for an idea how to teach vocabulary explicitly.
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Lesson Excerpts
Everyday phenomenon: People use water in many different ways.

Mrs. J began the day’s lesson by inviting the children to sit in a big circle. She showed
them a large, clear bucket containing five gallons of water and asked them to think about all
the different ways they and their families use water in their daily lives (EP&C I). She provided
an example: drinking a glass of water when she’s thirsty. Before she had the children share
their ideas with a partner, she gave them about 10 seconds to think quietly about as many
ideas as they could (at least three). This provided a valuable opportunity for the children to
prepare a response. She checked in with each of the children who were ELs at the Emerging
level of English language proficiency to make sure they understood the question and
supported them to prepare a response. She then prompted all students to use a language
frame to tell their ideas to their partner: “My family uses water to ____.”
After the children had shared with their partners, Mrs. J asked them to share some of their
ideas with the whole class. She then asked them to help her sort the activities, separating
the ones for which water was needed to survive—or stay alive
Water Uses
like drinking, watering the garden—from the ones for which it
was nice to have water but not really necessary for survival
Necessary
Nice to have
for survival
(swimming, making popsicles). She wrote the children’s ideas on
a T-chart that was big enough for the whole class to see, and
the class decided together by voting (thumbs up, thumbs down)
in which category each activity belonged. The children discussed
whether taking a shower or brushing their teeth were activities
for which they need water in order to survive. In the end, the
class decided that water was necessary for brushing teeth
(because they need their teeth to eat food so they can stay
alive) but not for swimming (because they don’t have to swim in
order to live).
Inquiry Activator: Where’s the Water on Earth?
Investigative phenomenon: Water is found in many places on Earth, but freshwater
is very rare.

Mrs. J then returned the children’s attention to the bucket of water, next to which she
placed a globe.
Mrs. J: Children, today we’re going to be thinking and talking about how much water is on
the planet and where it is stored. We’re also going to talk about why it’s important for
everyone to conserve and protect fresh water, or the water we need in order to survive,
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or live. You all said we use water to do a lot of things in our daily lives. Where do you
suppose the water we use for drinking, cooking, brushing our teeth, and many other
uses, comes from? And why do you think that? You can use our water mural for ideas.
The children thought for a moment and then discussed their thinking with their partner as
Mrs. J. listened in, making sure that each child had a chance to share. She also encouraged
them to ask their partner clarification questions and to respond to their partner’s ideas.
Chanel: I think … I think the water we use for brushing our teeth comes from … comes
from … I don’t know.
Ana: (Pointing to the water mural.) Do you think it comes from the lake? Or from the
ocean, maybe?
Chanel: From the lake! I think it comes from the lake ‘cuz the water in the ocean, it’s too
salty.
Ana: Yeah, I think if you drink the water from the ocean, you get sick. And maybe the
water comes from that. (Pointing to the mural.)
Chanel: That’s a pond. I don’t want to drink water from there. It has fish and stuff. Yuck!
Ana: The lake has fish in it too, right? I wonder if that’s where we get our water to drink.
How do they get the fish out?
Mrs. J told the children that she heard some very interesting ideas with good reasons to
justify them and also some great questions that they’ll be investigating. She clarified that the
water we drink is fresh water and not the salt water from oceans, which would make us sick.
Then, she asked them to look at the large bucket of water and the globe.
Mrs. J: (Points to the bucket.) This represents all the water on our planet Earth,
including the water that is in the atmosphere, glaciers, ice caps, lakes, rivers, oceans,
groundwater and streams. So, if this is all the water there is on the planet, how much
of it do you think is available for us to use for drinking, cooking, and other things we
said we need water for in order to survive?
Jesse: (Placing his hand in the middle of the bucket.) Like, up to here?
Sadie: No, I think it’s more, ‘cuz we have to use a lot of water at my house.
Ricardo: (Pointing to the Pacific Ocean on the globe.) But… but, look the ocean. Is big!
Mrs. J: That’s a great observation, Ricardo. Yes, a lot of the planet is covered in ocean,
and we can see that on the globe. All of you are doing some great science thinking.
Let’s find out how much of the water on the planet is in the oceans and how much is
available for us to use for our survival needs. Ricardo, can you help me?
Mrs. J invited Ricardo to help her demonstrate where the Earth’s water is located. She
asked Ricardo to take out 25 tablespoons of water from the bucket and place it in a large, clear
jar labeled “Fresh Water” as everyone counted to 25. She took the jar over to the mural so that
she can point to the bodies of water as she explained what the bucket and jar represented.
Mrs. J: The water in this jar represents all the fresh water on Earth. Fresh water is in the
air, glaciers, rivers, ponds, lakes, and groundwater. Let’s say those words together as
I point to them. All the remaining water in the bucket, or the water that’s left in there,
represents all the salt water on Earth, which is mostly in the oceans.
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Jasmine: There’s a lot in that bucket. That’s a lot of salty water.
Lawrence: Can we drink it?
Jasmine: No! You can’t drink salty water! I went to the ocean one time, and I got water
in my mouth. It didn’t taste good. I don’t think you can drink salty water.
Lawrence: But, can you make it not salty? Can you get the salt out?
Mrs. J: Jasmine is right, it’s not healthy to drink salt water, and Lawrence, your question is
one we could investigate. Should we put that on our water inquiry chart?
After placing the question on the chart, Mrs. J invited another child to help her take out
eight tablespoons from the freshwater supply and place it in the jar labeled “Groundwater.”
She told the children that this represented all the groundwater on Earth. She showed them
and explained an illustration of groundwater in a book and told them that in the area where
they live, a lot of the drinking water they use is groundwater, and more so when there is a
drought.
Solange: But, how do we get it if it’s in the ground? How do they get it to the kitchen?
Jesse: And the bathroom!
Mrs. J: Hmm… That’s another good question I bet we can investigate.
Solange: Put it on the inquiry chart!
After posting the question to the chart, Mrs. J invited another child to use an eyedropper
to transfer 25 drops from of the freshwater supply to a very small jar labeled “Rivers and
Lakes.” She told the children that this water represented all the water in rivers and lakes on
Earth. All the water contained in groundwater, rivers, and lakes from the world’s fresh water
has been removed. The “Fresh Water” container now represented all the water contained in
the atmosphere (clouds, rain, snow, etc.) and all the water on the planet that is frozen (polar
ice caps and glaciers). She asked the children to observe the containers and how much water
was in each container and to discuss their thinking in groups of three. After a few minutes of
discussion, she asked each triad to write down at least one of their questions on a sticky note
and to place the question on the Water Inquiry Chart before going to their tables and writing
and drawing one thing they learned about water that day. As the children were writing, Mrs. J
encouraged the children to talk about their ideas at their tables, ask and answer one another’s
questions, and include any questions they are wondering about.
Hands-on Investigation: How Do We Clean the Water?
The next day, Mrs. J showed the children a short and engaging video about why it’s
important to turn off the water while brushing one’s teeth (Sesame Street 2010). In their table
groups, the children briefly discussed what they learned from the video and how it related to
the activity from the previous day.
Mrs. J reminded the children about how much they’ve already learned about bodies of
water and aquatic ecosystems (referring to the mural), and how much of the water on Earth is
fresh water (referring to the bucket and jars, which are now displayed on a counter). She told
the children that they were going to go outside and investigate what happens when the fresh
water gets dirty (Clean Water Challenge).
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She took the children to the grassy area of the school grounds. Parent volunteers had
worked with the school staff to create an outdoor space that allowed for science exploration
and learning, including a vegetable garden and a large grassy area surrounded by bushes
and trees, which provided a place for observing nature and conducting messy science
investigations. She reminded the children that when they go outside, they are to handle
plants and animals gently and with respect. Because it was a wide-open space, she knew
the children would want to run around and that if she allowed them to, they would be more
engaged in the science investigation she has planned for them to do afterward. She asked
the children to pretend they were a body of water. They could flow gently, like the water
flowing down a gentle stream, they could flow quickly, like the water rushing down a river, or
they could be like any body of water they preferred. She asked them to try as many different
bodies of water as they could, but before they did, she provided an example, inviting the
children to say, “I’m flowing like a rushing river!” and run briskly with her to the other side of
the yard.
After several minutes, Mrs. J asked the children to gather around her in a circle. She showed
them a cup of clean water and a cup of dirty water (water with safe organic debris, such as
orange peels or blades of grass). She asked the children to compare the two cups of water
and discuss their ideas with their partner. She then asked them to think about which cup of
water is best for plants and animals. She asked, “Which cup of water holds something that is
not good for plants, animals, or humans?” She introduced the term pollution or polluted and
explained that this is what we call water that has become dirty due to human activity.
Investigative phenomenon: How do we clean up polluted water?

Mrs. J explained that they will now try to clean a sample of polluted water. She used an
empty plastic cup, a plastic cup filled with dirty water, as well as tools they might use to clean
the water, such as paper towels, cotton balls, coffee filters, sponges, pieces of nylon (or other
fabric), sand, gravel, and rubber bands. She told them that she wanted them to share ideas
and discuss with each other what might work to clean the water before they started using the
materials. She also reminded them that scientists test many ideas before finding one that will
work, so, since they’re kid scientists, they should try out many different ways of cleaning the
water (there was plenty of dirty water in the bucket she had brought outside). She grouped
the children strategically into teams of three, and the children collected their materials and
began the challenge. As the children worked together, Mrs. J moved from team to team,
listening to their discussions and prompting them to share their ideas before they started
testing them. Solange, Hernán, and Rafael are working as a team.
Solange: I know, I know! Let’s use the cotton. I think we can scoop up the dirty stuff
with it.
Hernán: Yeah, we can do it. We can use this (pointing to the coffee filter).
Solange: That’s a coffee filter. Okay, so we could use the coffee filter. But how?
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Hernán: You can…You can put the water in. Here (miming how he would pour the water
through the coffee filter).
Rafael: Yeah, we could pour the dirty water through the coffee filter and into the clean
cup. But will the water get clean?
Solange: Let’s do it!
Mrs. J: Have you shared lots of different ideas first? Have you talked about all of the
materials you have? You can test out many different ways of cleaning the water, and
it’s a good idea to talk about lots of ideas before you start testing them.
Rafael: I wonder if the water can go through the sponge. Maybe that would just keep it
there.
Solange: I think, I think it would get stuck. So, we talked about the cotton balls, the
coffee filter, and the sponge. What’s the sand for?
As the teams shared ideas and then tested them out, Mrs. J encouraged them to explain
their thinking to one another and to continue to ask questions about what was working best
to clean the water. Through trial and error, most of the children figured out they needed to
build a filter rather than adding items to the water to clean it. Once the teams had tried out
many different ways of cleaning the water, Mrs. J asked a few students to help her pass out
the children’s science journals and pencils, and she asked them to discuss with one another
which way or ways worked best, showing what they discussed through drawings with labels.
The teams then worked together to write a brief explanation of their design solution, with
evidence from their investigation. Once the children had recorded their notes on a large piece
of chart paper she had brought outside, she would post it in the classroom afterward. At the
end of the discussion, the children concluded that it is easier to keep water clean than to have
to clean it up once it was polluted. She introduced the term protect in the context of keeping
water clean and not polluted.
Using Science Informational Texts: How Dirty is the Water?
Mrs. J asked the children to join her so she could read them several pages from a complex
science informational text about water protection and conservation. She asked the children
to be thinking about all the things they had been learning about and wondering about as she
read aloud. As she read, she stopped several times to explain new terms and concepts, refer
to terms already discussed, such as pollution and protect, and have the children turn and talk
about strategic questions she posed. On one page, she drew the children’s attention to a circle
graph representing all the water available on Earth. The graph showed that 97 percent of the
Earth’s water is ocean water and less than 1 percent of the Earth’s water is usable by people
(for drinking, sanitation, cooking, growing crops) and for wildlife that need fresh water. She
asked students to reflect back to the activity they conducted with the bucket and eyedropper
of water. She asked students to discuss how this graph compares. On another page, Mrs. J
read that all the water that exists on Earth right now is all that is available and, even though
this water is recycled over and over again, it is impossible to make more.
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Investigative phenomenon: Fish died in a river after harmful chemicals were
poured in.

When Mrs. J got to a page with a photograph of a polluted river with dead fish floating at
the top, she asked the children to discuss with a partner what they thought had happened
(EP&C II). She asked students to reflect back on the polluted water they cleaned the day
before. To make sure her three EL students at the Emerging level of English language
proficiency were able to engage in the conversations, she had paired each of them with an
English-proficient partner who spoke the same primary language. She also used the water
distribution activity and clean water challenge to provide context to the information in the
text. After the children had had a chance to discuss their ideas, she called on a few of them to
share. She called on Hernán, one of the EL children at the Emerging level of English language
proficiency. At first, he was hesitant to respond, but then his partner, Victor, prompted him to
respond in Spanish.
Hernán: Se mueren. Los peces se mueren porque el agua está bien sucia.
Victor: He says, the fish die because the water is very dirty.
Hernán: (Nodding, then repeating) The fish die. Water is very dirty.
Mrs. J: (Expanding on Hernán’s response.) Yes, the water does look very dirty. It has a lot
of greasy stuff and garbage in it (looking closely at the photograph and then showing
it to the children). Is this like our polluted water yesterday? Let’s read the caption
underneath the photograph. It says that some harmful chemicals were dumped into it.
Hernán, tell me more about what you’re thinking.
Hernán: Podemos… Podemos limpiar el río. Podemos limpiar el agua, y así, los animales,
los peces pueden vivir. The fish can live. And the river, we can also swim there. We
can … we can clean the water.
Alicia: Yeah! We can clean it! We learned how to yesterday. Let’s clean up the water so
the fishes can survive!
Mrs. J: Do you think we can do that? Can we clean up the water? Can we protect the
animals that live in water?
All of the children: Yeah!
Mrs. J: Okay! Well, let’s see if we can find a way to do that. Let’s read on to see what else
we can learn from this book.
Investigative phenomenon: Water held deep underground can be contaminated by
human pollution.

Later in the book, the children learned that, in some places in the world, people do not
have access to clean water. In some places, aquifers have been contaminated, and water is
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scarce. Mrs. J asked students to think about the clean water challenge activity and explained
that some people have only dirty water or very little water in their cup.
Alicia: How come the people don’t have clean water to drink?
Mrs. J read the text, pointing to the illustration of an aquifer:
Some of our drinking water comes from under the ground in pools of water, called
aquifers. People drill down into the ground, through soil and rock, to get the water, which
we call ground water. Unfortunately, the ground water can become dirty, or contaminated,
with things that shouldn’t be in it, such as the chemicals in products people use to clean their
houses. Some farms use chemicals on their crops, and that can get into the water, too.
Mrs. J: Let’s think about that for a minute. It says that people drill through the ground to
get water for drinking and to use for other things. But sometimes, things that are not
safe for animals, plants, or people, like poisons in some chemicals, get into the aquifer,
and they pollute the ground water. That can make people and animals sick if we drink
the water. But, the aquifer is so far down in the ground, under the rocks and soil. How
do you think the water gets polluted?
Mrs. J gave the children a few moments to think about this question, and then she asked
them to discuss it in triads. Using the document reader, she projected an illustration in the
book, which showed a model of how an aquifer can become polluted, and she told them that
they should refer to the illustration as they explained their thinking. She listened carefully
as the children discussed their ideas. Many of the children struggled to explain how the
toxins in some chemicals might get from someone’s house or lawn all the way down into
the groundwater, and Mrs. J encouraged them to refer to the illustration. After a couple of
minutes, Mrs. J strategically calls on one student, Inés, to explain what she and her partner,
Rafael, discussed.
Inés: My partner say that maybe the bad stuff, the chem-, the chemRafael: Chemicals. That’s pollution!
Inés: Oh, yeah! He say the chemicals get into the ground, the ground water because
maybe people they put it in the street, they pour it there, and it can all go down into
the ground.
After hearing other children’s explanations, Mrs. J realized that the concept of groundwater
and how it can become polluted is quite complex for young learners and that the book alone
is insufficient to help them understand this process. She decided that later that week, the
children would build a classroom model of an aquifer so that they could observe its structure
and how it works, as well as what happens when it becomes polluted. (The children would
also build their own aquifers and take home a kit so they could recreate it at home to teach
their families about aquifers.)
Writing an Argument: Why Should We Protect and Conserve Water?
Later, and after many discussions, book readings, videos, and hands–on experiences—
including building both the class model and individual models of aquifers—the children had
much to say about why people should protect and conserve water. Mrs. J asked the children if
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they would like to write a letter to the newspaper so that they could share their ideas with a
lot of people. The children decided that this would be a way for them to help others know how
to make choices that would help both the natural environment and their communities.
Mrs. J guided the children to co-construct the argument, prompting them to provide
evidence to justify their claims. She explained that they should provide evidence from what
they had read and discussed but that in science it is important to provide evidence from their
investigations. During the joint construction of the text, she asked the children to tell her what
to write, first by having them brainstorm all of the different ideas they could use, and then
grouping the ideas together. Mrs. J. wrote the ideas on a chart, and then showed the children
how she grouped them together by circling each word or group of words with a different
color marker. Next, she asked the children to tell her what to write, using the ideas from
the brainstorm and all of the ideas they had in their heads. She did not write what they said
verbatim, but rather, supported them to rephrase and extend their thinking, as needed.
Henry: We could say, please don’t get the groundwater dirty ‘cuz we want to drink clean
water, not dirty water.
Mrs. J: That’s a great idea, Henry! Hmm… I’m thinking that there’s another way of saying
“get the water dirty.” Maybe we could use one of the words from our “kid scientist”
word wall.
Henry: Pollute! We could say, please don’t pollute the groundwater ‘cuz we don’t want to
drink dirty water. We want to drink clean water.
Mrs. J: Can anyone say more about why we don’t want to drink polluted ground water?
Rafael: We don’t want to drink the polluted ground water because when it’s dirty like that,
it can make us sick. That’s what the book said.
Celeste: And, don’t get the chemicals in there.
Mrs. J: Can you say more about that?
Celeste: Please don’t get the chemicals in the water because that can make the fishes
sick, and they can’t survive. The polluted water can make people sick, too. And it’s
really, really hard to clean the water when it’s polluted!
Solange: And if the river is polluted, we should clean it up ‘cuz that’s not fair to the
animals that live there. They could die, and then the river is sick, too.
All of the students had ideas to add to the letter and solutions to this environmental
problem: turn off the water when you brush your teeth so you don’t waste it; use the bath
water to water the plants because it’s good to reuse water; and do not put chemicals into the
ocean or rivers because then the fish get sick, and sometimes we eat the fish, and we don’t
want to get sick (EP&C V).
After the class had completed their letter to the editor, which Mrs. J typed up and e-mailed
to the local newspaper, the children worked on creating a class book focused on teaching
younger students about protecting the environment. They decided to call the book We Can
Protect Water. Each child made a small poster with illustrations, labels, and writing, which was
then gathered into a book that the children could read together in the library corner and later
share with their families at the monthly family science nights.
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Teacher Reflection and Next Steps
When Mrs. J met with the kindergarten teaching team for their weekly grade-level planning
time, the teachers shared their reflections about the learning segment and examined student
work together. They used their observation notes and the children’s science journals and big
book pages to make strategic decisions about the teaching and learning tasks they would
modify or add to the learning segment, as well as how they would plan scaffolding approaches
for individual students. They also discussed the types of activities they would plan for the next
monthly family science night, during which the students would teach their families what they
had been learning about in science that month.
Based on their observations of student language use and analysis of written work, the
teachers also discussed how they would design or adjust their designated ELD lessons moving
forward. They used the CA ELD Standards to plan focused language development lessons for
designated ELD, differentiated by the children’s English language proficiency levels. These
lessons build into and from the science teaching and learning tasks. For the EL children at
the Emerging level, the teachers had noticed that the children were gaining confidence using
everyday English, but they were not yet using some of the new domain-specific vocabulary
(e.g., pollute, protect) needed to discuss the science ideas. Although she had taught these
words explicitly to the whole class, Mrs. J felt that these children would benefit from some
additional practice using them orally, so she planned structured conversations during which the
children could use the new words as they discussed the illustrations in the books the class had
been reading, using strategies such as sentence starters or conversation prompts that explicitly
asked students to use the target words. For the EL children at the Expanding level, Mrs. J and
the other teachers planned to try out a technique they read about called sentence unpacking,
during which they discussed all of the meanings in the long, information–dense sentences that
were in the science informational texts they read aloud to the children. The teachers recorded
their agreements in their Team Meeting Record Sheet so that they could reflect on how the
activities they planned have worked out when they met again the following week.
Resources:
California Education and the Environment Initiative. 2013. The World Around Me. Sacramento:
Office of Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch3.asp#link13
Clymire, Olga. 1997. A Child’s Place in the Environment: Respecting Living Things.
Sacramento: California Department of Education.
The Globe Program: A Worldwide Science and Education Program. 2016. http://www.cde.
ca.gov/ci/sc/cf/ch3.asp#link14
The Groundwater Foundation. 2016. Students and Educators. http://www.cde.ca.gov/ci/sc/cf/
ch3.asp#link15
Natural Wildlife Federation. 2011. Water, Water, Everywhere? http://www.cde.ca.gov/ci/sc/cf/
ch3.asp#link16
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Introduction to Grades Three Through Five
Students in [third] through fifth grade begin to develop
an understanding of the four disciplinary core ideas: physical
sciences; life sciences; Earth and space sciences; and engineering, technology, and applications of science. In the earlier
grades, students begin by recognizing patterns and formulating
answers to questions about the world around them. . . .
The performance expectations in elementary school grade
bands develop ideas and skills that will allow students to
explain more complex phenomena in the four disciplines as
they progress to middle school and high school. While the
performance expectations shown in [third] through fifth grade
couple particular practices with specific disciplinary core ideas,
instructional decisions should include use of many practices that
lead to the performance expectations.
— NGSS Lead States 2013 , Next Generation Science Standards
For States, By States

T

he upper elementary grades employ science and engineering
practices (SEP) to explore the natural world. The SEPs, like all three

dimensions of the California Next Generation Science Standards

(CA NGSS), build in complexity in an age-appropriate manner and look very
different in grades three through five than they do in grades six through
eight and in high school. Appendix 1 of this framework outlines these
progressions for each dimension. Students use these practices to understand
everyday life events (phenomena), and CA NGSS-aligned instruction
should begin with and be based around these real-world experiences. In
particular, instruction in grades three through five focuses on describing
specific evidence of patterns [CCC-1] in phenomena, linking those
patterns to cause and effect relationships [CCC-2] , and then beginning
to construct explanations [SEP-6] and models [SEP-2] that generalize
those findings.
The CA NGSS do not specify which phenomena to explore or the order
to address topics because phenomena need to be relevant to the students
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that live in each community and should flow in an authentic manner. This chapter illustrates
one possible set of phenomena that will help students achieve the CA NGSS performance
expectations. The phenomena chosen for this statewide document will not be ideal for every
classroom in a state as large and diverse as California. Teachers are therefore encouraged
to select phenomena that will engage their students and use this chapter’s examples as
inspiration for designing their own instructional sequence.
In this framework, overarching phenomena that frame entire sequences of instruction
are called anchoring phenomena while smaller and more focused phenomena are called
investigative phenomena. While all phenomena ideally should be relevant to each
student’s life, culture, and experience, sometimes instruction draws attention to specific
events that occur as everyday phenomena. Some phenomena introduce challenges that
require engineering solutions, and in these cases it makes sense to focus on the anchor,
investigative, or everyday problem rather than the phenomenon itself.
In this chapter’s examples, each year is divided into instructional segments (IS) centered
on questions about observations of a specific phenomenon. Different phenomena require
different amounts of time to investigate, explore, and understand, so each instructional
segment should take a different fraction of the school year. As students achieve the
performance expectations within each instructional segment, they uncover disciplinary
core ideas (DCIs) from different fields of science (physical science, life science, and

Earth and space science) and engineering. Students engage in multiple practices in each
instructional segment, not only those explicitly indicated in the performance expectations.
Students also focus on one or two crosscutting concepts (CCCs) as tools to make sense
of their observations and investigations; the CCCs are recurring themes in all disciplines of
science and engineering and help tie these seemingly disparate fields together. As students
explore their environment during this grade span, they develop their growing understanding
of the interconnections and interdependence of Earth’s natural systems and human social
systems as outlined in California’s Environmental Principles and Concepts (EP&Cs). All three
of the CA NGSS dimensions and the EP&Cs will prepare students to make decisions about
California’s future and become sources of innovative solutions to the problems the state may
face in the future.
The SEPs, DCIs, and CCCs grow in sophistication and complexity throughout the K–12
sequence. While this chapter calls out examples of the three dimensions in the text using
color-coding along with the three-letter abbreviations, each element should be interpreted
with this grade-appropriate complexity in mind (appendix 1 of this framework clarifies the
expectations at each grade span in the developmental progression).
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Grade Three
In many cases, grade three returns to some of the same disciplinary core ideas (DCIs)
and phenomena as kindergarten but revisits them with a more sophisticated application of
the science and engineering practices (SEPs). Table 4.1 shows a sequence of four possible
phenomenon-based instructional segments in grade three. Instructional segment 1 revisits
concepts of forces and motion that are nearly identical to kindergarten, but now it includes
the added conceptual complexity of the effects of multiple forces. In kindergarten, it
was sufficient for students to develop mental models (intuition), and now in grade three
students learn tools for articulating those models [SEP-2] using diagrams of forces and
motion. In IS2, students revisit their argument [SEP-7] from kindergarten that children
look similar but not identical to their parents; but they now must document more detailed
evidence by analyzing and interpreting [SEP-4] specific data. Instructional segment 3
helps students understand how the environment influences plants and animals, which is
a mirror to the kindergarten concept that plants and animals can influence and modify
their environment (California’s Environmental Principles and Concepts [EP&Cs I, II]).
Instructional segment 4 looks at weather patterns just like students did in kindergarten, but
now it involves more mathematical thinking [SEP-5] in which students analyze [SEP-4]
quantitative measurements [CCC-3] and adds a greater focus on the impacts of weather
events on humans.
Patterns [CCC-1] and cause and effect [CCC-2] remain the key focus of grade three,

with students using patterns as evidence that there must be a specific cause and effect
relationship. The explanations [SEP-6] that students construct are still largely descriptions
of what happened (evidence-based accounts), rather than descriptions of the invisible
mechanisms that cause things to happen (which begins in grades four and five).
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Table 4.1. Overview of Instructional Segments for Grade Three

1

Playground Forces
Students investigate the effects of forces on the motion
of playground objects like balls and swings. They use pictorial
models to describe multiple forces on objects and predict how
they will move as those forces change. They ask questions
about how electric and magnetic forces can act without touching
and then use them to solve a problem in a design challenge.

2

Life cycle for Survival
Students observe life cycles as well as animals living in
groups and then describe how these traits help organisms
meet their needs. Students measure different traits to
document the differences between offspring, their parents,
and other members of their population. Some of these
variations make organisms more likely to survive.

3

Surviving in Different Environments
Students develop a model of the relationship between
traits, environment, and survival. Students collect evidence
that organisms live in environments that best meet their
needs and that changes in the environment can affect the
traits and survival of organisms.

4

Weather Impacts
Students record patterns in weather over the school
year and then analyze their data. They learn about weather
patterns around the world and design solutions to reduce the
impacts of weather hazards right in their own schoolyard.

Sources: epSos.de 2010; Mosdell 2012; U.S. Fish and Wildlife Service 2015; mintchipdesigns 2009

Grade Three Instructional Segment 1: Playground Forces
Children push and pull on objects every day, but they do not actively think about
all these forces. Despite the fact that these forces are invisible, the human
sense of touch is a built-in sensor for detecting them. In kindergarten, students investigated pushes and pulls and developed a simple model relating the direction and strength
of pushes and pulls to the motion of objects. In grade three, they investigate a number
of playground phenomena to extend this model to include many different forces acting on
objects all at once. They apply the model to predict the motion of objects based on patterns
of how they have moved in the past.
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GRADE THREE INSTRUCTIONAL SEGMENT 1: PLAYGROUND FORCES
Guiding Questions
• What happens when several different forces push or pull an object at once?
• How can an object be pushed or pulled but not move?
• What do we need to know to predict the motion of objects?
• How can some objects push or pull one another without even touching?
Performance Expectations
Students who demonstrate understanding can do the following:
3-PS2-1. Plan and conduct an investigation to provide evidence of the effects of balanced
and unbalanced forces on the motion of an object. [Clarification Statement: Examples could
include an unbalanced force on one side of a ball can make it start moving; and balanced
forces pushing on a box from both sides will not produce any motion at all.] [Assessment
Boundary: Assessment is limited to one variable at a time: number, size, or direction of
forces. Assessment does not include quantitative force size, only qualitative and relative.
Assessment is limited to gravity being addressed as a force that pulls objects down.]
3-PS2-2. Make observations and/or measurements of an object’s motion to provide evidence
that a pattern can be used to predict future motion. [Clarification Statement: Examples of
motion with a predictable pattern could include a child swinging in a swing, a ball rolling back
and forth in a bowl, and two children on a see-saw.] [Assessment Boundary: Assessment
does not include technical terms such as period and frequency.]
3-PS2-3. Ask questions to determine cause and effect relationships of electric or magnetic
interactions between two objects not in contact with each other. [Clarification Statement:
Examples of an electric force could include the force on hair from an electrically charged
balloon and the electrical forces between a charged rod and pieces of paper; examples of a
magnetic force could include the force between two permanent magnets, the force between
an electromagnet and steel paperclips, and the force exerted by one magnet versus the force
exerted by two magnets. Examples of cause and effect relationships could include how the
distance between objects affects strength of the force and how the orientation of magnets
affects the direction of the magnetic force.] [Assessment Boundary: Assessment is limited to
forces produced by objects that can be manipulated by students, and electrical interactions
are limited to static electricity.]
3-PS2-4. Define a simple design problem that can be solved by applying ideas about magnets.*
[Clarification Statement: Examples of problems could include constructing a latch to keep a
door shut and creating a device to keep two moving objects from touching each other.]
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost. [This performance
expectation does not have a clarification statement or an assessment boundary.]
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem. [This performance
expectation does not have a clarification statement or an assessment boundary.]
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GRADE THREE INSTRUCTIONAL SEGMENT 1: PLAYGROUND FORCES
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS2.A: Forces and Motion

[CCC-1] Patterns

PS2.B: Types of Interactions

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and Using
Models

[CCC-7] Stability and
Change

[SEP-3] Planning and Carrying
Out Investigations
[SEP-7] Engaging in Argument
from Evidence
CA CCSS Math Connections: 3.OA.1–7, MP 5, 6
CA CCSS for ELA/Literacy Connections: RI.3.4; L.3.4, 5
CA ELD Standards Connections: ELD.PI.3.1, 5, 12

Students explore a variety of physical systems in which they can physically feel forces.
They kick balls, hang from bars, push one another on the swing, slide down the slide,
and land on the ground after leaping from a step on the play structure. Some forces are
strong and some are weak. Some cause motion to start while others cause motion to stop.
Sometimes, a person can feel multiple forces at the same time (e.g., riding a swing and
feeling the seat push their bottom and their friend push their back). While students in
kindergarten discussed how pushes and pulls have both strength and direction, this is the
first time that the term force is explicitly used to describe them. To a physicist, pushes and
pulls are both forces, they just act in different directions on an object. This instructional
segment introduces students to four key ideas about forces: (1) every object has many
forces acting on it at every moment; (2) forces add up, so that the overall effect depends
not just on one of them, but on the combination of them; (3) when all the forces on an
object equal or balance one another, there is no change in the motion, but the object will
speed up, slow down, or change direction when the forces are unbalanced; and (4) some
forces can act even when objects are not touching.
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Grade Three Snapshot 4.1: Pictorial Models of Forces
Everyday phenomenon: Students feel a force as they kick a ball.

Ms. S took her students out to kick balls on the soccer field so that her
students could feel the pressure of the ball against their feet. Did the ball
move faster if they kicked it harder?

Investigative phenomenon: A ball sometimes rises off the ground when kicked.

For some students, the ball travelled straight across the ground, but for other kickers
the ball rose off the ground and then fell back down. What was it that students were
doing differently that caused the ball to fly up for some but not others? Is it just because
they kicked the ball harder? Ms. S asked her students to draw two pictures side by side
showing the path of the ball in each case. Then, she asked students to use a different
arrow to represent the push of the kicker. They were making a pictorial model [SEP-2]
of the force acting on the ball and its effect [CCC-2] on the ball’s motion. In many cases,
Ms. S’s students drew the force arrow horizontally for both cases. Ms. S had students
test out ways that they could get the ball to go higher in the air and then describe what
they were doing. Eventually the students realized that the ball traveled along the ground
when they pushed against the ball mostly horizontally, but when they got under the ball
and pushed it slightly upward they could lift the ball in the air—the direction of the ball’s
motion depended on the direction of the push. They modified their drawings to reflect
this change. Ms. S introduced the term force for the first time and had students label the
arrow in their pictorial model with that word. Ms. S had her students draw pictorial models
of forces many times during this instructional segment.

Students can investigate [SEP-3] specific situations that illustrate what happens when
multiple forces act on an object at once (3-PS2-1). Students can push one another around in
cardboard box race cars (see IS4 from kindergarten). What happens when two people push
on the box together instead of just one? What happens when one person pushes the box
forward while another student pushes it the opposite direction? How about if two people push
it forward and only one pushes opposite? Or two people push forward and one person pushes
sideways? By drawing pictorial models [SEP-2] of each situation, students can illustrate
the effects of multiple forces acting on the same object at the same time. Other examples
illustrate the same effects. Rather than kicking a ball on an open field, students push a ball
against a wall. Can they still feel a force? Why doesn’t the ball move? Two students can face
one another, place their palms together, and then lean in towards one another. As they each
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push against one another, they can stay stationary as long as they balance one another with
equal forces. If one person pulls away or pushes forward with more force, the system is no
longer stable [CCC-7] and they move. In a game of tug-of-war, a flag attached to the rope
might stay still even though both teams are pulling with strong forces on both sides (figure
4.1, top). But if one team lets go of the rope, the other team goes flying backwards when the
force becomes unbalanced. Students can even experiment with a mini tug-of-war in which
students pull at different angles on three or four strings attached together. Can they predict
what which direction the system will move when one of the strings gets cut?
Figure 4.1. Balancing Forces in a Tug-of-War

Source: Adapted from PhET Interactive Simulations, University of Colorado Boulder (PhET) n.d.b.

At this point, students should be able to use evidence from their investigations [SEP-3]
and reasoning from their model [SEP-2] of forces to support two essential claims [SEP-7] :
•

To start an object moving, you need to push or pull it with an unbalanced force.

•

An object whose motion is not changing has no forces pushing or pulling it, or
all the forces are balanced.

When students have a mental model that incorporates these claims, they can discover
some invisible forces that push or pull that they may never have thought of as forces. When
letting go of a ball or book, it begins to fall (i.e., start moving). This change in motion is
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evidence that a force must be acting. Gravity is the unseen force that acts on all objects at
all times and causes the book to start moving. There is no way to escape gravity! Even if
you travel far away from Earth in a spaceship, you will still always feel the pull of our planet
(though it gets weaker as you get farther away). In grade five, students will collect evidence
that gravity always acts downward on the surface of the Earth.
But what if a book just sits on a table and is not moving? Does gravity still pull on it? If
so, why isn’t it moving? A student can place their hand between a heavy book and the table
in order to feel both the downward force of the book and the force of the table from below.
Students should be able to draw a pictorial model of forces that shows the force of the table
pushing upwards to balance out the force of gravity that pulls the book downward (figure
4.2). Students can feel a supporting force pushing their feet while they stand or pushing
their bottom while they sit.
Figure 4.2. Student’s Model of Balanced Forces Acting on a Book

Book

Table

gravity

supporting
force

Diagram by M. d’Alessio

Students can also use this model to identify another important invisible force, friction.
When a student slides a book across a table, it eventually slows down and stops. A very
common incorrect preconception is that the book runs out of energy or requires some
sort of motive force to keep it in motion, but these ideas are not true. Any time an object
slows down, that is evidence that there is a force pushing against the object that causes
its motion to change. Students can experiment with the strength of the force of friction by
trying to slide books or wooden blocks over a variety of surfaces with different amounts of
friction. A book slows down quickly when the force of friction is strong and takes longer to
slow down when friction is weak, even when the initial push that starts the motion is the
same. Students can draw pictorial models showing different strength arrows representing
friction for different surfaces. The force of friction always acts in the direction opposite the
direction objects are moving, so it always slows them down. In the middle grades, students
will build on this simple model of friction and relate it to energy transfer.
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Opportunities for ELA/ELD Connections
During the instructional segment, provide age-appropriate definitions of domain-specific
words and important academic vocabulary. In addition, select a few terms critical to
understanding the concept. Have students use a graphic organizer so that they
can gain a deeper understanding of these key concepts. One such organizer is the
Frayer Model, which prompts students to write a definition, and allows for students
to discuss specific characteristics of the word, examples, and nonexamples. Sample
words for this topic could include friction, gravity, forces, magnetic, and interactions.
Students should be given opportunities in class to practice using these words in context.
An example is being given a force diagram and placing the words in their correct
locations in the diagram.
CA CCSS for ELA/Literacy Standards: RI.3.4; L.3.4, 5
CA ELD Standards: ELD.PI.3.1, 12

Patterns in Motion
Knowing that every change in motion requires a force, students can now consider much
more complicated motions on the playground. When a ball gets thrown upward, what force
causes it to come down? In a game of handball, students throw the ball against the wall
and it bounces back. How do forces on the ball change from one moment to the next during
the game?
Observing motion on the schoolyard, students begin to notice that there are certain
patterns in the way objects move. Balls that go up always come down. In a game of
handball, students throw a ball against the wall and can predict where it will end up. A
basketball reflecting off a backboard follows a similar pattern. A tetherball spirals downward
at the end of a game as it slows down. Noticing the pattern [CCC-1] allows students to
predict the motion of the object (3-PS2-2). The clarification statement for 3-PS2-2 indicates
that the focus of this investigation should be on motion that repeats periodically, like the
back-and-forth movement of a child on a swing. This specificity is not arbitrary—noticing the
repeating patterns in motion is a key precursor to studying wave motion in fourth grade.
Students will build on that experience with waves as they move toward the middle grades
and high school to study the engineering application of waves in modern technology.
Ideally, students can investigate [SEP-3] patterns [CCC-1] of motion on a school
swing set and use their observations to make and test predictions (3-PS2-2). If one is not
available, small classroom pendulums (such as a small metal washer tied to the end of a
string) are physical models [SEP-2] . What happens when they pull the swing back from
different distances? Can they predict how far forward or how high the swing will travel

214

Chapter 4

2016 California Science Framework

Grade Three
based on how far back they pull the swing initially? By observing the length of time it takes
to do two back and forth cycles, can they predict how long it will take the swing to complete
four cycles? Can they identify a relationship between how far back they pull the swing and
how long it takes to complete a back and forth cycle? If they do have access to both a
swing set and a classroom pendulum, can they use patterns that they spot in the model to
predict what will happen in the real swing? Students can attempt to identify the different
forces acting in the swing system that cause [CCC-2] the repeated motion, but a complete
explanation is not appropriate for grade-three levels of understanding. Students should
be able to recognize that there are forces on the swinging person that cause it to change
motion. Teachers can recognize that the force of gravity always pulls on the object in the
same direction (downward) with the same force. The fact that the motion is constantly
changing means that there must be another force that is changing. In this case, that force
comes from the chain. Because the chain is always changing angles, it acts in different
directions at different moments—sometimes pulling in a direction that reinforces gravity
and sometimes pulling at an angle that works against it. Other cyclic patterns to investigate
could be balls bouncing multiple times when dropped from different heights or a weight
bouncing up and down when attached to a rubber band hanging from the monkey bars.
Like the swing, these include gravity pulling down and a restoring force caused by a springlike elastic material in both these cases.

Opportunities for Mathematics Connections
During the investigation on forces, students may need to measure and weigh different
objects. Some students will need experience using the measurement tools. For
example, students need to know that the scale should be balanced or zeroed out
before beginning the measurement; to use a ruler, the end of the object being
measured must line up at the zero mark on the ruler, etc.
CA CCSSM: 3.OA.1–7, MP 5, 6

Forces Without Touching
While students can feel when they apply a push or pull to an object that they touch,
some forces do not require any contact at all. Gravity, electric force (static electricity), and
magnetic force are all invisible forces, but they can change the motion of objects in exactly
the same way as pushes or pulls between objects that touch.
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Grade Three Snapshot 4.2: Probing Students’ Initial
Ideas on Forces
Ms. M’s class has been discussing the forces between objects when they
push or pull against one another, but to start the unit, she wanted to see
what their initial ideas were about forces that do not require objects to be
touching. She began, “Please take out your lab notebooks because I have
a challenge question to probe your thinking. I am going to read you a story about two
students and ask you to choose which one you agree with more. As scientists, I want you
to support your choice with evidence [SEP-7] or examples from your experiences.”
Ms. M read the prompt and gave her students a few minutes to record their initial thinking
in their notebooks.
Probe: Does It Have to Touch?
Two friends were arguing about forces. They disagreed about whether something
had to be touched for a force to act. This is what they said:
Akiko: “I think two things have to touch in order to have a force between them.”
Fern: “I don’t think two things have to touch in order to have a force between them.”

Which friend do you agree with most? Explain or draw a picture of your thinking.
Provide examples that support your ideas about forces.
From Keeley and Harrington 2010
Ms. M continued, “Now turn to your thinking partner and share your choice and your
thinking... Remember to listen respectfully to each other even if you do not agree. You
can change your answer or add more evidence to your notebook entry if your thinking
changes.” She let the thinking partners share while she walked around the room listening
to discussions and helping students to remain on task.
Everyday phenomena: Some objects move only when you touch them while
others move without being touched.

After ten minutes of animated discussion, Miss M returned to the front of the class,
“So, let’s see where we are as a group. When I say GO, you’ll put one finger up if you
agree most with Akiko and two fingers up if you agree most with Fern. Ready, set GO!”
The group was evenly split.
She prompted students to find a partner who disagreed with them. After a few
minutes of discussion, Ms. M initiated a whole-class discussion and recorded student ideas
on the board. Supporters of Akiko’s position pointed out evidence like “A soccer ball won’t
move unless I kick it” and “My book has to touch the table to have the table push on
it.” Supporters of Fern’s position pointed out other evidence. Clara said “If I push a ball
up in the air, it is going up but then it will fall down. Nothing is touching it, but it moves
down. There’s gravity even though the ball isn’t touching the Earth.” Aisha also explained
excitedly, “Magnets push and pull even when they don’t touch objects. My grandma has a
magnet that I can use to make a paperclip move on top of the kitchen table by moving
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Grade Three Snapshot 4.2: Probing Students’ Initial
Ideas on Forces
the magnet around below the table. It’s like magic.”
Ms. M then used her students’ initial ideas to identify and introduce forces that can act
without touching. She told students, “In the next weeks we will be learning more about
interactions such as gravity, magnetism, and static electricity. At the end you will be able
to explain how Aisha can magically move the paperclip with her grandmother’s magnet.”
Resources:
Keeley, Page, and Rand Harrington. 2010. Uncovering Student Ideas in Physical Science:
45 New Force and Motion Assessment Probes. Arlington: National Science Teachers
Association.

Electric fields are easy to visualize with scraps of paper attracted to a charged balloon
(rubbed against someone’s hair), but the changes from static electricity are so small that it
is hard to physically feel the force. Magnets, however, can be strong enough that students
can physically feel their motion. When students have the opportunity to freely explore with
different magnets and magnetic objects, they come up with all sorts of questions [SEP-1]
about how they work. Teachers can help students focus on a few questions that could be
investigated in the classroom about cause and effect relationships [CCC-2] (3-PS2-3).
Questions might include the following: How do magnets affect different types of objects? How
does the magnet’s orientation change the magnet’s effect on other magnets or objects? How
does the distance between the magnet and the object affect the strength of the magnetic
force? By sprinkling iron filings in a flat, sealable plastic container (for protection from getting
into eyes, nose, or mouth) and holding the container above a magnet, students can ask
questions about how the position of the magnet affects the pattern that the iron filings make
(figure 4.3). In each of these example questions, the question includes a reference to both
a cause and an effect. A question such as, What happens if I put three magnets together? is
a great example of curiosity but it does not include any specific statement about the effect.
After a student has the chance to try out this interesting question, the teacher can help the
student ask the next level of question that includes both the cause and effect, such as, How
does the number of magnets affect the strength of the magnetic force? Scientists often begin
with open-ended curiosity-based questions but then need to convert those into questions
that will later be used to design scientific investigations. Narrowing down both a cause and
an effect will help determine what types of observations to collect, how to collect them, and
what sort of data or measurements will be necessary to answer the question. Performance
expectation 3-PS2-3 does not actually require that students perform any investigations or
answer their questions, but students will probably want to anyway.
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Figure 4.3. Iron Fillings in a Flat, Sealable Plastic Container

Source: Black and Davis 1913, 242, fig. 200=

Engineering Connection: Designing a Better Swing
Scientific discoveries about the natural world can often lead to new and improved
technologies, which are developed through the engineering design process. Some
engineers design recreational equipment such as playground equipment. This
engineering connection asks students to use magnets to make a “better” swing.
This is one possible challenge in which students define a problem that could be
solved by magnets (3-PS2-4). The emphasis in this performance expectation is
on defining the problem [SEP-1] , which requires students to identify constraints
and define the criteria for success (3–5-ETS1-1). Students can also generate multiple
solutions and compare them (3–5-ETS1-2).
Prompt for students:

What if you could have a swing that made you go fast and high without any
pushing or pulling by you or your friends? Can you figure out a way to use your
understanding of magnets to design a swing that uses magnetic force to keep
the swing moving? First, you need to figure out the requirements such as how
big a person could ride the swing, how much space you have available on the
playground for this new toy, and how many magnets you can use. Then, you’ll
need to decide how you will know if you have succeeded. Is it enough for the
swing to go back and forth once? Or does it need to keep going multiple times?
How many? How high does it need to go in order to be fun enough? Sketch
two different designs in your notebook. What are the relative advantages and
disadvantages of each?
Materials for each group: a 2-foot length of string, two ring or disc magnets, one
binder clip, one classroom chair.
Source: Based on Egg Harbor Township STEM Committee. 2013. 3rd Grade Motion and
Stability Unit. http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link1
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Sample Integration of Science and ELD Standards
in the Classroom
Students have experimented with magnets and observed videos of various inventions
that use magnets and electricity. They listen to a teacher read aloud from an
informational text about cause and effect relationships of electrical and magnetic
interactions between two objects and how inventors design solutions to problems
by using these scientific principles (3-PS2-3, 3-PS2-4). At strategic points during the
teacher read-aloud, students discuss, in pairs, open-ended, detailed questions designed
to promote extended discourse (e.g., In what ways does a magnet affect a compass?
How do we know? What changes would you make to X design to make it better?). The
students have an opportunity to practice their response before sharing out to the class.
The teacher supports the comprehension of students at the Emerging level of English
proficiency by using diagrams labeled in both English and the students’ home language
to support the ideas in the text and by attending to the meanings of general academic
terms (in addition to science-specific terms). Before reading, the teacher also makes
sure to show short videos related to the topic in the two primary home languages of
students in the classroom: English and Spanish.
CA ELD Standards: ELD.PI.3.5
Source: Lagunoff et al. 2015, 252–253
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Grade Three Instructional Segment 2: Life Cycles for Survival
In kindergarten and grade two, students identified and investigated specific
needs of plants and animals. In IS2 for grade three, students observe specific
organisms to see different aspects of their growth and development, traits, and behaviors
that help them survive. While this instructional segment introduces three seemingly unrelated concepts (organisms have life cycles, they inherit traits from parents, and they often
live in groups), the central theme is that these features are all ways that help animals meet
their needs for surviving, finding mates, and reproducing.

GRADE THREE INSTRUCTIONAL SEGMENT 2: LIFE CYCLES FOR SURVIVAL
Guiding Questions
• What is the advantage of having a complicated life cycle of growth and development?
• How do animals’ life cycles help them survive?
• How similar are animals and plants to their siblings and their parents?
• How does being similar to parents help an animal survive?
• Why do some animals live alone while others live in large groups?
Performance Expectations
Students who demonstrate understanding can do the following:
3-LS1-1 Develop models to describe that organisms have unique and diverse life cycles but
all have in common birth, growth, reproduction, and death. [Clarification Statement: Changes
organisms go through during their life form a pattern.] [Assessment Boundary: Assessment
of plant life cycles is limited to those of flowering plants. Assessment does not include details
of human reproduction.]
3-LS3-1. Analyze and interpret data to provide evidence that plants and animals have traits
inherited from parents and that variation of these traits exists in a group of similar organisms.
[Clarification Statement: Patterns are the similarities and differences in traits shared between
offspring and their parents or among siblings. Emphasis is on organisms other than humans.]
[Assessment Boundary: Assessment does not include genetic mechanisms of inheritance and
prediction of traits. Assessment is limited to non-human examples.]
3-LS4-2. Use evidence to construct an explanation for how the variations in characteristics
among individuals of the same species may provide advantages in surviving, finding mates,
and reproducing. [Clarification Statement: Examples of cause and effect relationships
could be plants that have larger thorns than other plants may be less likely to be eaten by
predators and animals that have better camouflage coloration than other animals may be
more likely to survive and therefore more likely to leave offspring.]
3-LS2-1. Construct an argument that some animals form groups that help members survive.
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GRADE THREE INSTRUCTIONAL SEGMENT 2: LIFE CYCLES FOR SURVIVAL
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.B: Growth and
Development of
Organisms

[CCC-1] Patterns

[SEP-2] Developing and Using
Models
[SEP-3] Planning and Carrying Out
Investigations
[SEP-4] Analyzing and Interpreting
Data

LS2.D: Social Interactions
and Group Behavior
LS3.A: Inheritance of
Traits
LS3.B: Variation of Traits

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-6] Structure and
Function
[CCC-7] Stability and
Change

[SEP-5] Using Mathematics and
Computational Thinking
[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating, and
Communicating Information
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: 3.MD.4
CA CCSS for ELA/Literacy Connections: RI.3.7; SL.3.1, 2, 3
CA ELD Standards Connections: ELD.3.PI.9

Human babies have all the same body parts as adults but are just smaller and cuter. Tiny
baby spiders emerge from spider eggs and the babies look like miniature versions of their
parents. Butterfly eggs, however, do not contain tiny butterflies but instead contain caterpillars
that look almost nothing like their parents until they undergo major changes later in life. Most
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flowering plants do not directly grow tiny little plants with tiny roots, leaves, and stems that
pop out like babies. They produce seeds instead. Why are there differences? Why doesn’t a
caterpillar just stay a caterpillar and lay eggs? Why do plants produce so many seeds (most
of which will never grow) when they could just grow a few tiny plants instead? Students will
not learn enough to fully answer many of these questions in grade three, but they can make
observations and recognize patterns that build toward answers in later grades.
Students begin with direct observations of different organisms’ life cycles. They can
grow seeds (including vegetables in a garden or fast growing plants such as Brassica rapa
in the classroom), hatch insect eggs (such as milkweed bug, butterfly, or ladybug) or raise
frogs from tadpole eggs. As they observe and carefully notice the changes in the organism,
students develop a model [SEP 2] for the growth and development of the organism’s
life cycle (3-LS1-1). This model will likely take the form of a pictorial model (a diagram)
that illustrates each stage of the life cycle. Note the performance expectation requires that
students be able to develop their own model, not simply be given a model and correlate
their observations to the model. An example that does not meet this goal comes from a
lesson plan packaged with a manufacturer’s live eggs: it recommends that teachers read an
informational text to introduce the eggs to students on day 1, and the text has a complete
pictorial model of the animal’s life cycle right on the cover and then walks students through
every stage of the animal’s life. Instead, students can sketch the organism at regular
intervals in science notebooks, describe in words the changes [CCC-7] they notice since
the previous observation, and ask questions [SEP-1] about what they see. After they have
seen an entire life cycle, they should be the ones to decide how many stages the organism
underwent and how to describe each stage.
While it is ideal that students observe at least one organism directly throughout its full
life cycle in their classroom, 3-LS1-1 also requires that students observe patterns [CCC-1]
common in the life cycles of different organisms (all organisms are born, grow and develop,
reproduce, and die). To explore a wide range of organisms, students can use images from
informational texts or videos. Ideally, these images are presented as a sequence of regular
snapshots of the animal (daily, weekly, etc.) so that the exercise is a virtual investigation
[SEP 3] during which students analyze the image data [SEP-4] to develop a model
[SEP-2] rather than simply obtain information [SEP-8] about the organism’s life cycle by

reading about someone else’s synthesis of the ideas. By having students work in groups to
investigate different organisms, students can come together to communicate [SEP-8] their
life cycle models and make claims [SEP-7] that different organisms share common stages
in their life cycles that serve similar purposes.
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While it is true that all species of plants and animals undergo birth, growth,
reproduction, and death, the timing and details can be very different between species.
Some weedy plants take only a few weeks to transition from germination to flowering while
others, like fruit trees, take 10 years or more to begin reproduction. Why are there such
big differences in the timing of life cycle events? Teachers can help guide students to think
about how an organism’s life cycle relates to its needs. Plants need space to grow, so a
weed that reproduces quickly can be the first to occupy bare or disturbed soil before other
plants (after a fire, at the edge of a construction site, etc.). Plants need water and sunlight,
so large fruit trees may need years to develop the extensive structures [CCC-6] (deep
roots and leaves) to gather enough of these resources to produce juicy and sugary fruits.
Organisms have life cycles with different stages because life cycles help them meet their
needs. Butterflies and moths lay their eggs on plants that their babies can eat. Caterpillars
can therefore spend all their time eating and growing and do not have to worry about
finding food. As adults with wings, the focus shifts and butterflies and moths travel great
distances to find a mate and locate another food source for their offspring to eat. In some
species (including the largest moths from the family Saturniidae), the division of labor is so
extreme that the adults do not eat anything at all before they die. Plants have life cycles
with a similar pattern [CCC-1] . They stay in one place where they build up enough energy
to reproduce, and then have evolved strategies to mate (pollination by wind or insect) and
disperse their offspring to new locations (seed dispersal by wind or animal). Grade three
students are not expected to be able to fully explain the relationship between life cycles
and animal needs, but they should be able to use their knowledge from grades K–2 to ask
questions [SEP 1] about how life cycles might help organisms meet their needs.
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Sample Integration of Science and ELD Standards
in the Classroom
Students have been studying the concept that organisms have unique and diverse life
cycles but all have birth, growth, reproduction, and death in common (3-LS1-1).
Their study has included research, investigations, and looking for patterns in various
examples of life cycles. Students are ready to plan and deliver an oral presentation of
their findings, using pictures or realia for a dramatic representation of assigned
organisms as evidence to explain how the variations in characteristics among individuals
of the same species may provide advantages in surviving, finding mates, and
reproducing (e.g., plants with thorns versus without; camouflage) (3-LS4-2). The teacher
has modeled, with one example, some of the characteristics, and has built, with student
input, a word wall with illustrations for student reference. The teacher lists clear goals
for the presentations and discusses them with the students. As students work in their
groups, they identify, in their text and visual resources, the patterns for the life cycle of
their group’s organism and use materials provided (e.g., cotton, yarn, colors, tape,
cardboard, chart paper) to build, refine, and prepare their models of the life cycle to
share with their peers. They compare their information with groups studying a similar
organism, to discuss patterns that they find (e.g., birds have eggs
chicks
adult bird,
and moth and butterfly [or all insects] have eggs
larva [caterpillar stage]
pupa
adult insect). With teacher facilitation, students chart the emergent patterns and discuss
which organisms have better chances of living, growing, and surviving.
Once the model of the life cycle is drawn/built, each group is ready to give its oral
presentation. Peers listen and get insight on their peers’ presentations and gain teacher
and student feedback to refine their own.
CA ELD Standards: ELD.3.PI.9
Source: Lagunoff et al. 2015, 261–262
EP&C Connection: After each presentation, the teacher asks the class to identify a
way that human activities might influence the survival reproduction of each organism
(EP&C II).

In grade one, students made observations to support the claim that young plants and
animals look similar (but not identical) to their parents (1-LS3-1). In grade three, they
revisit the exact same task but must analyze and interpret specific data to support their
claim (3-LS3-1). They also place the slight differences between parent and child into the
larger context of variation between all the organisms of the same species.
Students can explore this variation in their classrooms by growing plants or insects under
controlled conditions and comparing traits. For example, teachers can purchase seed stock
from exceptionally tall and short plants (such as fast growing Brassica rapa), grow one
generation and have students collect seeds from them. Students that plant seeds from the
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tall plant find that their plant is also tall and vice-versa. As students analyze their data, they
should also ask questions about how these differences could help plants and animals meet
their needs. Students should be able to apply their knowledge of plant needs to explain how
different traits can help plants survive or reproduce (3-LS4-2). A taller plant can reach the
sunlight above its neighbors, but a shorter plant is less likely to be blown over by the wind
or broken by a passing animal. Plants with larger flowers might attract more pollinators and
therefore reproduce more effectively. A jackrabbit, elephant, desert fox, or dog with larger
ears might be able to stay cooler than one with smaller ears. Students will return to this
concept in IS3.
Students can also collect data about one or two features within a family from pictures
(e.g., appearance of multiple individuals) and tables or graphs (e.g., height of seedlings at
a given age). Students could describe the colors and patterns in families of guinea pigs,
the shape and size of ears in dogs or cats, or the variation of color on maize samples (corn
on the cob). For animals, students should ideally see offspring pictured with both parents
to emphasize that offspring include a mix of traits from both their biological parents. Each
individual is a slightly different mix of traits, which explains why siblings can look different
or why different plants from a single seed source grow to slightly different heights even
when grown in identical conditions. The word mix is an age-appropriate term from everyday
language that students will replace in later years; in the middle grades, students will be
able to explain the mixing in terms of genetics. The CA NGSS are filled with situations like
this where students use patterns [CCC-1] to uncover evidence of a cause and effect
relationship [CCC-2] in elementary school but do not develop an explanation or model

that accounts for these patterns until later grades. Teachers that might be concerned
about teaching their students a nontechnical term can consider how this progression in
vocabulary reflects the nature of science where ideas are subject to refinement and revision.
The introduction of more precise terminology occurs in parallel with enhanced conceptual
understanding. To explicitly emphasize the nature of science, teachers explicitly identify
such nontechnical terms as placeholders that will be refined in later grades.
The clarification statement for PE 3-LS3-1 emphasizes organisms other than humans. If
students bring up human traits, teachers must recognize that many of their students may
not live with both biological parents or may not even know who both biological parents are.
While only the biological parents contribute physical traits to a child, the adults who chose
to be part of that child’s life will heavily influence that child’s personality and disposition.
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Grade Three Snapshot 4.2: Graphing Variation
Anchoring phenomenon: Different caterpillars grow at different rates.

Ms. P’s class observed the life cycle of the hornworm caterpillar (Manduca
sexta). Pairs of students ensured that their caterpillar’s needs were met by
providing food, water, and keeping the plastic enclosure clean. Every few
days, they measured the length [SEP-5] of their caterpillar. Ms. P called
up each pair to mark the length of their caterpillar on the line plot for the day so that
students could visualize this variation (CA CCSSM 3.MD.4). She posted the daily plots
on the wall so that students could track how the caterpillars had grown over time. Even
though the animals had access to the same food and lived in the same environment, some
individuals grew bigger than others.
Investigative phenomenon: Caterpillars of the same type share many features
in common but other features differ.

Ms. P focused student attention on the variation between caterpillars and had
students compare [SEP-4] two caterpillars side-by-side, making a list of all the
similarities and differences (“They both have seven stripes and nine spots. The spot
sizes and shapes are slightly different”). Ms. P then showed students a picture of two
caterpillars (including a ruler that reveals their lengths). She asked students which they
think was more likely to be a baby picture of the mother of their caterpillar and what
observations support their claim [SEP-7] .

Group Behaviors for Survival
Why do some animal families stick together in large groups while other animals live
alone? In each case, animals behave the way they do to meet their needs, survive, and
reproduce. When parents live separately from their young (or when the parent dies shortly
after reproducing), children do not have to compete with their parents for resources. When
animals live in groups, they can assist one another. Science experiences for third graders
can include activities and games where teams complete tasks that highlight the potential
individual benefits of cooperative behavior. It is often difficult to directly observe the
benefits of group behavior of animals in the classroom, so students can investigate specific
animal groups through informational literature and media such as groups of penguins in
the arctic, zebras in Africa, schools of fish, or bird flocks. Humpback whales are particularly
interesting California animals that are largely solitary, but travel in small groups during
migration and occasionally cooperate in something called bubble net feeding when a group
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converges at a single location and comes to the surface in perfect unison to feast on schools
of small fish (National Geographic 2014). With such clear demonstrations of their ability to
collaborate, why do they usually live alone? How does that enable them to meet their needs
and survive better?
Students can also indirectly observe group behavior through computer simulations like
NetLogo (Wilensky 1999). These programs allow students to track individual organisms
to see how they interact with others to meet their needs. In a simulation of an ant colony
(figure 4.4), students can explore how the size of the ant colony affects the amount of
food collected (including the success of a single ant) or what would happen if the colony
were unable to communicate using pheromones. Students use this evidence to support an
argument that the colony helps the ants survive (3-LS2-1).
Figure 4.4. Computer Simulation of Group Behavior in Ants

In this NetLogo computer simulation, ants (red) leave a trail of pheromones (white) that helps other
ants find food (blue) around their nest (purple). Source: Wilensky 1999; Wilensky 1997
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Grade Three Instructional Segment 3: Surviving in
Different Environments
While genetics plays an important role in shaping organisms, IS3 focuses on
the organism’s interaction with the environment. Every organism has its needs met by the
surrounding environment, but not all organisms can survive in all environments. Some plants
and animals have traits that allow them to survive better in a specific environment, which ties
directly to the concepts of the variation in traits from IS2 and forms the foundation for understanding natural selection in later grades. At this level, students gather specific evidence
of cause and effect relationships [CCC-2] where the environment affects which organisms
survive (EP&C II). They draw on observations of both living organisms and fossils.
GRADE THREE INSTRUCTIONAL SEGMENT 3: SURVIVING IN DIFFERENT
ENVIRONMENTS
Guiding Questions
• How does the environment affect living organisms?
• How do organisms’ traits help them survive in different environments?
• What happens to organisms when the environment changes?
Performance Expectations
Students who demonstrate understanding can do the following:
3-LS3-2. Use evidence to support the explanation that traits can be influenced by the
environment. [Clarification Statement: Examples of the environment affecting a trait could
include normally tall plants grown with insufficient water are stunted, and a pet dog that is
given too much food and little exercise may become overweight.]
3-LS4-3. Construct an argument with evidence that in a particular habitat some organisms can
survive well, some survive less well, and some cannot survive at all. [Clarification Statement:
Examples of evidence could include needs and characteristics of the organisms and habitats
involved. The organisms and their habitat make up a system in which the parts depend on
each other.]
3-LS4-1. Analyze and interpret data from fossils to provide evidence of the organism and the
environments in which they lived long ago. [Clarification Statement: Examples of data could
include type, size, and distributions of fossil organisms. Examples of fossils and environments
could include marine fossils found on dry land, tropical plant fossils found in Arctic areas,
and fossils of extinct organisms.] [Assessment Boundary: Assessment does not include
identification of specific fossils or present plants and animals. Assessment is limited to major
fossil types and relative ages.]
3-LS4-4. Make a claim about the merit of a solution to a problem caused when the
environment changes and the types of plants and animals that live there may change.*
[Clarification Statement: Examples of environmental changes could include changes in land
characteristics, water distribution, temperature, food, and other organisms.] [Assessment
Boundary: Assessment is limited to a single environmental change. Assessment does not
include the greenhouse effect or climate change.]
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GRADE THREE INSTRUCTIONAL SEGMENT 3: SURVIVING IN DIFFERENT
ENVIRONMENTS
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost.
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems
[SEP-2] Developing and Using
Models
[SEP-3] Planning and Carrying Out
Investigations
[SEP-4] Analyzing and Interpreting
Data
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating, and
Communicating Information

LS3.A: Inheritance of Traits
LS3.B: Variation of Traits
LS2.C: Ecosystem
Dynamics, Functioning, and
Resilience
LS4.A: Evidence of Common
Ancestry and Diversity
LS4.C: Adaptation
LS4.D: Biodiversity and
Humans
ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing Possible
Solutions

[CCC-1] Patterns
[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-3] Scale,
Proportion, and Quantity
[CCC-4] Systems and
System Models

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: MP.2, MP.5; 3.MD.3
CA CCSS for ELA/Literacy Connections: W.3.1, 7; RI.3.1, 3, 5, 7; SL.3.1
CA ELD Standards Connections: ELD.PI.3.1, 10, 11

Students are likely to have some prior knowledge that if they eat unhealthy food, they might
become overweight even if their parents are very thin. Could the foods they eat also affect
their height, even if their parents are both tall? Some traits seem to depend on what happens to
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us during our lives. Does the availability of food affect the traits of other plants and animals?
Can human-caused changes to the environment affect the traits of plants and animals?
Students can explore what happens when the same type of plant grows in places that
have different environmental conditions on their schoolyard. First they must find two plants
in different locations that are the same type and make specific observations of the individual
plants and their environments, measuring specific quantities [CCC-3] when possible (number
of leaves or flowers, height, largest leaf size for plants, temperature for environment; students
can even quantify the soil hardness by measuring how far a nail penetrates when hitting it
three times with a hammer). How does each of the environmental conditions they describe
affect the plant’s ability to meet its needs? Teachers can focus on having students identify
specific living and nonliving factors of the environment as well as human-caused changes
(EP&C II), building on observations they made about habitats in grade two (2-LS4-1). Would
they expect the plant to be more successful in one of the environments rather than the other
(because its needs are met better there)? Based on their observations, is there evidence
that one plant was growing more successfully than the other? While this activity motivates
questions about the role of the environment in determining traits, students do not have
enough information to support an argument [SEP-7] that the environment causes different
growth rates. Maybe the differences in plant traits have a different cause [CCC-2] , like one
plant being much older than the other or that the individual plants came from different parents
with different traits. Teachers can explicitly emphasize the nature of science and discuss how
investigations sometimes begin by making “imperfect” observations that lead to questions.
Scientists then refine their questions [SEP-1] and make more systematic observations to
answer them. Students should be ready to plan such an investigation [SEP-3] .

Opportunities for Mathematics Connections
Students can measure the effects of environment on the growth of seedlings.
They plan an investigation [SEP-3] to measure [CCC-3] the effect [CCC-2] of
one single nonliving factor in the environment on one single trait of a plant. They
can simulate drought conditions, compare the growth in soil versus a hydroponic
environment where the seed only has access to water, or vary the amount of sunlight
hours per day. They measure the volume of water added (3.MD.2). As students make
regular observations of each plant, they make numerical measurements of the height
(3.MD.4) or number of leaves alongside descriptions and sketches. They should be able
to report their findings as graphs (3.MD.3) and explain [SEP-6] how their observations
are evidence of the DCI that environment can influence specific traits (3-LS3-2).
CA CCSSM: 3.MD.2-4, MP 2, 5
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Thus far in grade three, students have developed a conceptual model [SEP 2] that
both genetic inheritance and environmental factors, including human activities (EP&C II),
affect traits (figure 4.5). There is an important difference between inherited traits and traits
altered by the environment (acquired traits): only inherited traits are passed on to offspring.
A mother whose skin is red from sunburn will not give birth to a sunburned baby. In an
interesting demonstration of the nature of science, new discoveries in genetics are finding
that there are some additional relationships between inherited traits and acquired traits
where environmental conditions can deactivate certain genes in DNA. Understanding this
new field of science, called epigenetics, is well beyond the third-grade level, but teachers
should be aware that whenever scientists use labels to distinguish between categories (like
inherited versus acquired traits), the distinction is often more complicated. Grade three
teachers lay the groundwork by explicitly describing the scientific models as being subject to
revision and refinement.
Figure 4.5. Conceptual Model of Factors that Affect Traits
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In their investigations, students find that some environmental conditions are so poor
that certain plants are not able to survive. In grade two, students observed a correlation,
a pattern [CCC-1] that showed different levels of biodiversity in different habitats
(2-LS4-1). Students extend this idea in grade three by arguing [SEP-7] that this pattern
can be explained by a cause and effect relationship [CCC-2] between environmental
conditions and survival. To construct this argument, they need evidence. Their experimental
results are important pieces of evidence, but they also need to show that certain habitats
have characteristics that match the needs of different organisms. Students can obtain
information [SEP-8] about the different habitats in California and the needs of organisms

that live within them. How do the traits of animals that live in the desert differ from those
that live in the mountains? What special traits do marine plants and animals have that
land organisms do not? Students could compare the growth of a California native salt
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marsh grass to turf grass in soils with different salt content. Students can gather evidence
about the geographic distribution of specific organisms that show that not only do physical
conditions affect survival of plants in the classroom, but they also have a real effect on
where plants can survive in nature. Students can use online maps to identify patterns in
where different species live throughout the state (California Education and the Environment
Initiative 2013). A database of native plants such as lupines (Calflora 2016) reveal that
some species live across many parts of California but only in certain narrow elevation ranges
or bands along the coast, while others live in only an isolated region where very specific
conditions enable its survival (figure 4.6). Examining the maps requires students to draw
on their understanding of representations of landform shapes from grade two (2-ESS22). Students can describe how the traits of each plant differ in order to survive in these
different conditions. Some databases even allow teachers to contribute photos and locations
of plants and animals that they have observed in their local area so that students can be
citizen scientists.
Figure 4.6. Snapshots from a Web Database of California Plants

Lupinus
benthamii

Lupinus
arizonicus

Sources: Calflora 2015a; Christie 2002; Calflora 2015b; Andre 2011

Interpreting Fossils
As an assessment of students’ models of the relationship between organisms’ traits and
the locations where they live, students can play a matching game where they decide which
different organisms are likely to live in which different environments. The assessment is
not whether the student has identified an organism that actually lives in a specific setting,
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but rather that the student has engaged in arguments from the evidence [SEP-7] in the
photos or information. This assessment sets the stage for introducing fossil evidence of past
environments.
Fossils, usually found in layers of rock, are evidence of the existence of ancient life.
Fossils preserve the shape of parts of ancient organisms’ bodies that lived and died in the
place where the fossil was found. The standard classroom activity where students create an
impression of a plant or animal body part, gives students a tangible understanding of what
a fossil is (or at least one type of fossil), but the emphasis in the CA NGSS is on the stories
fossils tell about ancient environments and not simply on how a fossil forms. From the
previous activities, students know that the shape and size of different parts of an organism
depend upon the environmental conditions in which they live. Interpreting fossils is very much
like the matching game assessment in the previous paragraph. The structures [CCC-6]
of organisms preserved by fossils provide clues about the environmental conditions that
were present when the fossil formed. Even if the fossilized organism is long extinct, it may
show evidence of the same adaptations as those found in modern plants or animals. On the
other hand, if students observe that a fossil at one location looks very different from the
organisms that live in that spot today, they have evidence that the environment must have
changed since the ancient organism was alive (3-LS4-1).
Urban examples that resemble fossils are imprints of leaves or footprints of a dog
trapped in the concrete (U.S. Geological Survey [USGS] 2015b). Students can investigate
imprints left in concrete surrounding the school, a local fossil, or pictures of fossils and come
up with a story about what the local community may have been like when the modern-day
fossil formed. In the case of a sidewalk impression, the environment has not changed much
since the concrete dried (dogs still roam the neighborhood and the same tree may still be
growing beside the sidewalk). The fossils that students can discover in California include
some organisms that are very different from those that live here today. For example, the
fossils of giant sea creatures are found in the hills and mountains around California, telling
us that these pieces of land were once under water (e.g., Plesiosaur fossil found near
Fresno). Teachers can obtain a list of fossils found in their county using an online database
(University of California Museum of Paleontology n.d.) or have students explore more userfriendly online databases that may contain less detailed information (The Paleontology
Portal n.d.). Then they can analyze a collection of fossils found in the same place to
determine what the environment was like in the geologic past (3-LS4-1).

2016 California Science Framework

Chapter 4

233

Grade Three
Predicting and Minimizing Human Impacts on Ecosystems
Fossils provide evidence that ecosystems can change over millions of years, but students
can also predict the impact of shorter-term changes to ecosystems. By analyzing pictures
or paintings of their local community from historical documents, students can describe
how humans changed the environmental conditions when they developed the land (EP&C
II). How have these changes influenced the organisms within the ecosystem? The key to
answering this question lies in defining the different components of the system [CCC-4]
and how they interact with one another, in this case focusing on the impacts of humans on
local natural systems. Once they have this information students can predict how humancaused changes to the ecosystem will affect the plants and animals that live there.
Students can investigate [SEP-3] ecosystem interactions in real life by visiting the
schoolyard, a local garden or park, or taking a field trip to an aquatic environment (stream,
lake, river, or beach). If this is not possible, students can examine these interactions
through literature and media, and simulations. They can ask questions about the living and
nonliving components of the ecosystem such as what kinds of plants live there, how the
plants adapted to the current conditions, where the water comes from, and what changes
to the natural environment were made by humans. Students share their notes and place
elements into a chart with human-made and natural components in the system. Students
then read informational texts and gather evidence about how a natural habitat has changed
as a result of one or more human activities (CA CCSS for ELA/Literacy RI.3.1; W.3.7).
Teachers help students identify the types of environmental changes described in the text,
including changes in land characteristics, water distribution, temperature, soil, and plant and
animal life. How will these changes affect the rest of the ecosystem? Students select one
of the described environmental changes and make a list of the series of events they think
might have caused these changes, using language that pertains to time, sequence, cause
and effect [CCC-2] (CA CCSS for ELA/Literacy RI.3.3.), and to EP&C II. Lastly, students

can use computer simulations of ecosystems to directly manipulate the amount of resources
such as water or space and see how populations react (grade three students should not be
expected to create their own simulations). Using simulations like these give students the
opportunity to test out different scenarios and instantly see the results. This will enhance
their mental models of ecosystem changes. Students can then illustrate different cause and
effect connections, including the results of human activities, they identify in the simulations
using simple pictorial models [SEP-2] such as concept maps.
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Grade Three Snapshot 4.4: Living Things in
Changing Environments
Anchoring Phenomenon: Some places on the schoolyard have lots of plants and
animals while other places have fewer.

Ms. J introduced her students to the idea of environmental changes (EP&C
II) by taking her class on a field trip to visit the campus, surrounding
neighborhood, and a local park. In preparation for this activity, Ms. J
identified three areas near the school where her students could see plants
and animals, and observe the effects of human activities; she also enlisted a parent
volunteer to go along. Before going outside, Ms. J explained to the students that they
would be going on a local field trip to make observations and collect evidence about
environmental changes on campus and in the local neighborhood. She told them to bring
pencils and their science journal so that they could make notes about their observations.
While walking around campus, the students observed and asked questions [SEP-1]
about why there were very few plants and animals on the school grounds. Ms. J had them
make notes about their observations and record any questions in their science notebooks
during their investigation [SEP-3] of environmental changes in the local area. The class
walked down the street, making observations and taking notes as they went by houses
and apartment buildings in the neighborhood. They observed that some areas had green
spaces with different kinds of plants and animals, and saw many birds sitting on the
branches of the bushes and squirrels running through the yards. Finally, Ms. J took them
to visit a local park where they saw even more plants and animals. As they walked back to
the school, Ms. J kicked off a discussion by asking students if they observed any patterns
[CCC-1] regarding the variety and numbers of plants and animals they observed in the
three different areas.
Back in their classroom, Ms. J guided a student discussion of similarities and differences
among the areas they visited during their field trip. She made a four-column list on the
board labeled “Place,” “Description of Area,” “Plants We Saw,” and “Animals We Saw.” With
their data recorded, Ms. J asked the students to contribute to a list of the differences in
plants and animals among the three habitats: campus, neighborhood, and park. The class
then began a discussion to analyze and interpret [SEP-4] the data they collected and
began thinking about the causes [CCC-2] of these differences. Students identified several
human activities, such as removing trees, making streets, paving the campus, and building
houses. Once they completed their list, Ms. J asked students to identify the evidence they
saw during their field trip that supports the argument [SEP 7] that changes in habitats
affect the organisms living there. Some organisms can survive well, some survive less well,
and some cannot survive at all. Ms. J recorded the students’ evidence on the board.
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Grade Three Snapshot 4.4: Living Things in
Changing Environments
Investigative phenomenon: Sweetwater Marsh is changing.

Ms. J recognized the importance of developing her students’ awareness that
environmental changes they observe locally also occur throughout California. She used
the leveled reader Sweetwater Marsh National Wildlife Refuge as the basis for student
investigations of how humans have changed a rapidly disappearing coastal habitat (EP&C
II), which serves as a breeding ground and nursery for many of the fish that people eat
(EP&C I).
Using information the students gathered from the reading, the class made a mural
with “before” and “after” sections where some students drew the original habitat and
others showed the habitat after human activity. The students’ drawings illustrated some
changes, for example, the addition of buildings, roads, and levees. This reading and mural
served as the context for a discussion of how the functioning and health of ecosystems
are influenced by their relationships with human societies.
To reinforce the crosscutting concept about systems and system models [CCC-4] ,
Ms. J reminded the students that ecosystems are an example of a system. She asked
them to identify the salt marsh ecosystem components on their mural. Several students
pointed out the birds nesting in the plants as an example of an interaction among the
components of the ecosystem.
After completing their mural, Ms. J asked the students several questions about the
marsh, its plants and animals, and how the habitat might change if more human-activity
occurs there. She focused the students on environmental changes asking them to predict
answers to questions such as, Which plants or animals will be affected if the water
becomes saltier? and If the water in all of the San Diego Bay becomes muddier, what
might happen? Based on their notes and the class discussion, students identified the main
idea of the lesson: human activities had resulted in changes to the natural habitat, which
in turn had decreased the number and variety of plants and animals in the area.
Resources
California Education and the Environment Initiative. 2013. Sweetwater Marsh National
Wildlife Refuge. Sacramento: Office of Education and the Environment. http://www.
cde.ca.gov/ci/sc/cf/ch4.asp#link2.

Through these activities, students enhance their understanding of the EP&Cs. They
can identify direct and indirect changes to natural systems due to the growth of human
populations and their consumption rates. Some communities may feel the impacts from
resource extraction, harvest, transport or consumption. Other communities might be able to
observe the effects of expansion and operation of human activities on the geographic extent,
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composition, biological diversity, and viability of natural systems. In the end, the focus
should be on possible solutions that minimize the impacts of humans on the natural system.

Engineering Connection: Minimizing the Effects of a
Levy Break on the Environment
Environmental changes happen all the time and are a part of natural cycles, but
human activities can influence those cycles resulting in profound changes to the
natural environment (EP&C III). Many ecosystems become unstable as a result of
these changes (EP&C II). For example, before human development, animals could
migrate out of an area affected by a wildfire into an adjacent area where they could
survive. If the wildfire area is now adjacent to human development, there is no natural
habitat left where the animals can move in order to survive. Recognizing these impacts,
humans have come up with technologies and solutions to minimize the effects [CCC-2]
of their activities on the environment or to help organisms respond to natural changes
that they might previously been able to survive.
Students should obtain information [SEP-8] about a locally relevant environmental
change (flood, wildfire, drought, new housing development, freeway expansion, etc.),
ideally by observing an environmental change in their local community. Based on
this information they should be able to define the problem [SEP-1] , identifying the
changes that will happen in the environment and predicting their possible impacts on
the ecosystem (3–5-ETS1-1). Using this information students can establish criteria for
comparing solutions to the problem based on what they have learned about decisionmaking related to natural resources (EP&C V). Having established the criteria, they can
begin to generate and compare multiple possible solutions to the problem, and evaluate
the pros and cons of each (3–5-ETS1-1).
In one farming community near the Sacramento River, a teacher brings in a news
article that warns the next flood might breach the levy and wash harmful pesticides
from the fields into the river. Students predict that this will kill all the fish and they want
to stop this. Different groups come up with different solutions. One group recommends
that they strengthen the levy while another group suggests that they stop using the
harmful chemicals on their crops. A third group suggests that they can develop a new
technology to clean up the chemicals (“like a giant sponge”). In the end, students must
make an argument in favor of one of the class’ solutions (3-LS4-4).
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Grade Three Instructional Segment 4: Weather Impacts
Students build on their observations of weather patterns from kindergarten, this
time focusing on describing these patterns quantitatively [CCC-3] . As in kindergarten, their observations begin locally, but the numbers and graphical representations
allow them to compare weather patterns from different places across the world. Students
also explore the impact of weather-related hazards on their local community and design
solutions to minimize the impacts on humans.
GRADE THREE INSTRUCTIONAL SEGMENT 4: WEATHER IMPACTS
Guiding Questions
• What is typical weather in my local region?
• How does it compare to other areas of California and the world?
• What weather patterns are common for different seasons?
• What weather-related hazards are in my region?
• How can we reduce weather-related hazards?
Performance Expectations
Students who demonstrate understanding can do the following:
3-ESS2-1. Represent data in tables and graphical displays to describe typical weather
conditions expected during a particular season. [Clarification Statement: Examples of data
at this grade level could include average temperature, precipitation, and wind direction.]
[Assessment Boundary: Assessment of graphical displays is limited to pictographs and bar
graphs. Assessment does not include climate change.]
3-ESS3-1. Make a claim about the merit of a design solution that reduces the impacts of a
weather-related hazard.* [Clarification Statement: Examples of design solutions to weatherrelated hazards could include barriers to prevent flooding, wind-resistant roofs, and lighting
rods.]
3-ESS2-2. Obtain and combine information to describe climates in different regions of the
world.
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost.
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
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GRADE THREE INSTRUCTIONAL SEGMENT 4: WEATHER IMPACTS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

ESS2.D Weather and
Climate

[CCC-1] Patterns

[SEP-2] Developing and Using
Models

ESS3.B: Natural Hazards

[SEP-3] Planning and Carrying Out
Investigations

ETS1.B: Developing
Possible Solutions

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-6] Structure and
Function

[SEP-4] Analyzing and Interpreting
Data
[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing Solutions
(for engineering)
[SEP-7] Engaging in Argument from
Evidence
[SEP-8] Obtaining, Evaluating, and
Communicating Information
Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: MP.5; 3.MD.3, 4
CA CCSS for ELA/Literacy Connections: W3.1B, W3.8, SL.3.1, SL.3.2, SL.3.3, SL.3.4,
RI.3.1, RI.3.3, RI.3.4, RI.3.5, RI.3.7
CA ELD Standards Connections: 3.P1.A.1, 3.P1.A.2, 3.P1.B.5, 3.P1.C.9
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The grade three vignette on weather impacts illustrates a sample instructional sequence
that fully prepares students to meet most of the performance expectations in this
instructional segment. It illustrates how weather observations can be integrated into the
curriculum throughout the year and then highlights how students can analyze their data and
apply their findings during a focused unit of instruction late in the school year.

GRADE THREE VIGNETTE 4.1: HOW DOES WEATHER IMPACT MY COMMUNITY?
Performance Expectations
Students who demonstrate understanding can do the following:
3-ESS2-1. Represent data in tables and graphical displays to describe typical weather
conditions expected during a particular season. [Clarification Statement: Examples of data
at this grade level could include average temperature, precipitation, and wind direction.]
[Assessment Boundary: Assessment of graphical displays is limited to pictographs and bar
graphs. Assessment does not include climate change.]
3-ESS2-2. Obtain and combine information to describe climates in different regions of the world.
3-ESS3-1. Make a claim about the merit of a design solution that reduces the impacts of a
weather-related hazard.* [Clarification Statement: Examples of design solutions to weatherrelated hazards could include barriers to prevent flooding, wind-resistant roofs, and lighting
rods.]
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost.
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem.
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-4] Analyzing and Interpreting
Data

ESS2.D Weather and
Climate

[CCC-1] Patterns

[SEP-6] Constructing Explanations
(for science) and Designing Solutions
(for engineering)

ESS3.B: Natural Hazards
ETS1.B: Developing
Possible Solutions

[SEP-8] Obtaining, Evaluating, and
Communicating Information

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-6] Structure and
Function

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
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GRADE THREE VIGNETTE 4.1: HOW DOES WEATHER IMPACT MY COMMUNITY?
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: 3.MD.3, 3.MD.4
CA CCSS for ELA/Literacy Connections: W3.1a-b, W3.7, W3.8, SL.3.1, SL.3.2, SL.3.3,
SL.3.4, RI.3.1, RI.3.3, RI.3.4, RI.3.5, RI.3.7
CA ELD Standards Connections: 3.P1.A.1, 3.P1.A.2, 3.P1.B.5, 3.P1.C.9

Introduction
This vignette illustrates ways that three-dimensional CA NGSS implementation can be
aligned to support the development of environmental literacy and problem solving using the
campus as a context for learning. It highlights ways that regular data collection and data
analysis help scientists understand the natural world.
How does Weather Impact our Community?
Drawing from the social studies curriculum, Mr. C chose a yearlong theme of community.
He worked to tie lessons back to the students’ school, their homes, their neighborhood, and
their city. Mr. C attempted to integrate science into the theme of community. This worked well
for his life science unit about Ecosystems and Interdependence as students investigate local
plant and animal communities and their interactions with humans. Mr. C’s unit on weather
depended on two activities that took place long before the unit began: students made a
detailed site map of their schoolyard and collected regular daily weather measurements all
year long. These two activities culminated in the spring when students analyzed the data they
collected to identify patterns and weather related hazards that they could do something about.
Daily Weather Tracking
Anchor phenomenon: Weather conditions change each day over the course of the year.

Every day at the end of lunch, the students recorded the weather. Was it mostly sunny or
cloudy? Windy? Rainy? Some days there was mixed weather, sunny and windy, for example.
The class agreed to choose the main weather feature they observed on any mixed weather
days. Based on each day’s weather report, a student placed a different color dot on the
large calendar section of a weather bulletin board Mr. C had created for the school year—
yellow for sunny, grey for cloudy, blue for rainy, green for windy, white for foggy, etc. Mr. C
taught students to read an outdoor thermometer just outside of the classroom; each week, a
different pair of students took turns reading the daily end-of-lunch temperature and recording
the data on the calendar. If the temperature was warmer than the day before, students
recorded the new temperature in red ink; they used blue ink if it was cooler, and black ink if
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GRADE THREE VIGNETTE 4.1: HOW DOES WEATHER IMPACT MY COMMUNITY?
the temperature was the same as the previous day. By the end of the first month of school,
the activity became routine and took only a minute or two after lunch recess.
Schoolyard Site Map
Investigative phenomenon: Features like the flow of water, the growth of plants and
animals, and the wind patterns all varied by location on the schoolyard.

As part of the yearlong theme of “Community,” students created a “Schoolyard Survey
Map.” They mapped the natural and built features of the campus, identified different ways that
various areas of campus were used, noted environmental features like sunny and shady areas
of campus, the direction of prevailing winds, and any visible signs of water runoff. Mr. C asked
students to record where living things like plants and animals were located and indicated the
ways that children used each area of the schoolyard. Students made their own maps and then
Mr. C facilitated a class process to compile a larger version of the campus map that remained
a key part of his bulletin board all year long. Students referred to their maps whenever
interesting events occurred on campus.
Teachable Moments about Interesting Weather Events (Engage)
Investigative phenomenon: The temperature suddenly jumped 10°F in one day.

Occasionally, there was an interesting weather event— a day where the weather changed,
or a day that was particularly hot or cold. Mr. C planned for these days by monitoring the
weather forecasts and used these phenomena to drive class investigations and discussion. In
late September, the temperature suddenly jumped 10 degrees Fahrenheit compared to the
previous day. Mr. C asked the class to generate questions [SEP-1] about the weather and
the impact it had on them. Students wondered: Why is it so hot today? Why am I so sweaty?
What’s the hottest it’s ever been on this day? Where is the hottest place in the world? Using
a class set of laptops, students worked individually to quickly try to find answers to these
questions. Mr. C asked them to evaluate the information sources [SEP-8] : Which Web
sites had the best answers to our questions? Which were easiest to use? How do we know if
the Web sites are correct? Mr. C also asked, How did the weather affect your day? Students
reported that the slide was too hot to use, but that it was really nice to lie down on the grass
in the shade. By the end of the day, students answered the questions about the weather,
listed ways that it affected their day, and also started bookmarking the most useful Internet
sites for finding weather related data. Mr. C added a section to the bottom of the weather
bulletin board for “Weather Events” and posted a piece of paper with notes about their hot
weather day organized into three sections: “Local Facts” “Effects on People” and “Global
Context.” Mr. C added red post-it notes to the campus map noting the places where the
heat made it difficult to do ordinary activities, that the slide was too hot to use, and that the
blacktop was too hot and smelled funny.
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GRADE THREE VIGNETTE 4.1: HOW DOES WEATHER IMPACT MY COMMUNITY?
LOCAL FACTS

EFFECTS ON PEOPLE

•

It was 85°F today, 10°
hotter than yesterday.

•

The slide was too
hot to use.

•

The hottest ever in our
city on this day was
91°F in 2010.

•

The blacktop made
a smell.

•

I was sweaty.

The news said they
would have a cooling
center set up at the
public library.

•

I felt tired.

•

GLOBAL CONTEXT
•

The hottest temperature ever
on Earth was 134°F in Death
Valley, California on July 10,
2013.

•

Plants in hot climates have
smaller leaves to deal with the
heat.

•

Some big cities get extra hot
because all the blacktop makes
a heat island.

Over the course of the year, Mr. C worked with the students to make plans so they could
find quick answers to questions about rain, wind, fog, dew, and by the end of January they had
observed each of these phenomena. On March 3, the class was surprised by thunderstorms
with hail, leading to a quick investigation and discussion of this unanticipated weather event.
By the beginning of April, the class had recorded weather data on the chart for 130 school
days, along with notes about the effects of heat, cold, wind, rain, fog, dew, and hail on campus
activities. The lesson sequence below describes three weeks in April leading up to Earth Day.
Days 1–3: Looking for Patterns
Students analyzed the data they had collected throughout the school year and produced
reports summarizing the weather in each month of the school year.
Day 4: Identifying Seasons
Students used their observations to describe the major characteristics of the four seasons.
Using their data, they then made a claim about when each season “begins” and “ends.”
Days 5–6: Which Hazards Affect Our School?
Students identified hazards that affected their school and then engaged in an argument
about which hazards were most dangerous and significant at their school.
Day 7: Defining the Problem
Students researched places around the world that experience similar weather problems
and found how those communities solve similar problems. Then students returned to the
problem they faced at their own school and decided what their overall goal would be. They
figured what they would be allowed to change and what was off limits.
Days 8–11: Designing Solutions
Students brainstormed criteria by which they would compare possible solutions; developed
a variety of possible solutions; drew diagrams of one solution; shared their diagrams with other
students; used their criteria to choose among the solutions; and completed a final design.
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GRADE THREE VIGNETTE 4.1: HOW DOES WEATHER IMPACT MY COMMUNITY?
Days 12–14: Final Presentations
Students communicated their design ideas to a group of decision-makers at their school
during a formal presentation.
Days 1–3: Looking for Patterns (Explore)
Investigative phenomenon: Some months were particularly foggy while others were
particularly sunny.

Even though students had been thinking about the data as they collected it throughout
the year, starting in April they began to analyze all the data [SEP 4] . Some analysis
required mathematical thinking [SEP-5] as they compared temperatures and counted days
with particular weather features. Whether quantitative or not, students looked for patterns
[CCC-1] in their weather data. Mr. C led a class discussion, asking students to look for
groupings of weather patterns on the chart. Which months were particularly sunny? Which
months were foggy? When did temperatures increase or decrease? When did it rain? Next,
students identified the most common and most unusual weather events, including the hottest
and coolest lunchtime temperatures in the previous seven months. Students found that the
days were mostly sunny or foggy with a few rainy days. The most unusual event was the
hail on March 3, but other events stood out too, like the five days in a row of heavy rain in
January; the strong winds on March 1, 2, and 3 that broke branches on the tree in front of the
school; and the day in October when the temperature was over 100 degrees.
Mr. C organized the class into seven groups and each group prepared a report for its
assigned month following a template (3-ESS2-1). Each report included a pictograph showing
how many days of each weather type were experienced in their assigned month, highest
and lowest lunch time temperatures, and answers to the following questions: What was the
most common type of weather this month? What were the most unusual weather events this
month? What are three ways the weather was beneficial to people this month? What are three
ways the weather might have been hazardous to people this month?
Day 4: Identifying Seasons (Explain)
When all the reports were complete, Mr. C lined them up in order on the board at the front
of the class. He writes “Fall Equinox—September 22” above the September report, “Winter
Solstice—December 21” above the December report and “Spring Equinox—March 20” above the
March report. He explained that the fall equinox marks the end of summer and the beginning of
fall; that the winter solstice marks the transition from fall to winter; and the spring equinox marks
the end of winter and the beginning of spring. He noted that students will learn more about the
solstices and equinoxes when they get to the middle grades, but for now, they just need to know
that they mark the change of seasons. Working in pairs, students listed key features of each
season on a graphic organizer with four quadrants. Then, they reviewed the monthly summaries
and the day-to-day records from throughout the year to determine if they they agreed or
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disagreed with the official starting dates for each season. Mr. C drew a timeline above the
reports on the board and had each pair of students mark the date they believed each season
began and ended. As students marked their dates on the board, students naturally engaged in
an argument from evidence [SEP 7] by justifying their choices. Mr. C facilitated this discussion
with talk moves (for an explanation, see chapter 11 on instructional strategies in this framework),
prompting students with phrases like, “Tell me more about why you disagree with September
20…” or, “I know you marked December 12, but why do you think that the other group marked
January 9?” There was broad agreement that summer weather lasted well into October noting
the week with 100-degree temperatures and most groups argued that fall weather did not
really start until Halloween when it was too cold and rainy for trick-or-treating. It was difficult
for the class to agree on the start date for winter weather. Some students argued that winter
started when there were five days of rain in a row in January, but other groups countered that
the weather was actually warmer that week than it had been the entire month of December.
Mr. C ended the class with a discussion during which students shared their observations about
the characteristics of each season and the ways that weather could benefit or harm people.
Days 5–6: Which Hazards Affect Our School? (Explain/Elaborate)
Everyday phenomenon: The school faces certain hazards caused by weather
conditions.

Mr. C introduced their next weather project: students would identify the most serious
weather-related hazards on campus and design ways to reduce their effects on people,
structures, and plants and animals found on the campus. On Earth Day, students would
present their designs to the School Site Council as recommendations for improving the health
and safety of the campus. He explained that a hazard is a “threat to life, health, property,
or the environment” and used the campus map to point out some of the ways that weather
events affected student activities during the school year. In groups, students filled in a chart
listing common weather phenomena and the potential effects [CCC-2] on people, animals,
plants, and structures on campus. Before lunch, Mr. C gave the students the assignment of
finding a teacher or fifth grader on campus to ask about the most extreme weather events
they had ever experienced at school. After lunch, students logged on to the class set of
laptops and obtained information [SEP-8] from news articles about the most extreme
weather events in their community in the last ten years. As the last task of the day, students
constructed a written argument [SEP-7] responding to the prompt: Identify the top three
types of weather events that present hazards on campus and in the local community. What
evidence do you have that these types of weather are likely to create hazards on campus?
The next day, working in table groups, students shared their claims about hazardous
weather events. Mr. C asked each table to come to a consensus listing the top three types of
weather that impact their campus. Most table groups agreed that extremely hot days and very
rainy days posed significant hazards. Hot slides burned their skin and sometimes it felt difficult
to breathe when they were playing on the blacktop; rainy fields were muddy and slippery
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leading to falls and on really rainy days, streams of water flood off the blacktop washing
litter into the gutter and into storm drains. They also noted that both sunny and rainy days
were relatively common throughout the school year. There was broad agreement about the
top two most significant weather events, but there was disagreement about the third. Many
students argued that wind was a problem, noting the time that tree branches came crashing
down across the street from the school. Others claimed that dewy/foggy days were hazardous
because of limited visibility and slippery ramps and stairs on campus. Several claimed that
hail was a significant hazard because it could damage windows, cars, and plants on campus.
Many groups seemed to be at an impasse, unable to come to consensus. Mr. C intervened and
reminded the entire class that the main goal of this project was to design solutions to weather
related hazards, so they might consider which hazards they thought they could do something
about. By lunch, every table group reached consensus.
After lunch, Mr. C had each table group report on their discussion and the weather event on
which they decided to focus, probing them to describe the arguments and evidence [SEP-7]
that ended up tipping the group to a consensus. All the table groups listed heat and rain as
two of their top three weather types, and there was a nearly even split between wind and hail
among table groups as the third type of weather that generated significant hazards.
Before the class ended, Mr. C explained that students would work in teams to design
solutions to weather-related hazards. He mentioned that there would be eight teams, two
each for heat, rain, wind, and hail. Within each team, students would design solutions to
hazards faced on campus. He asked students to list the top two weather types they were
interested in addressing and also their top two choices for the group they want to protect:
people, buildings, objects, or plants and animals.
Day 7: Defining the Problem (Elaborate)
Everyday problem: How do we reduce the impact of weather hazards?

Keeping student preferences in mind, Mr. C created eight impact groups of four to
five students, two teams for each weather event (heat, rain, wind, and hail). Each impact
group obtained additional information [SEP-8] about their weather event and identified the
hazards it could create. Then, each impact group obtained information [SEP-8] about areas
of the planet where their weather hazards were more common to see how people around the
world work to reduce weather-related risks (3-ESS2-2). The groups then had to define the
problem [SEP-1] they were trying to solve by
• identifying their weather event and the potential hazards they were hoping to
minimize or prevent;
• defining the criteria they would use to select among their possible solutions;
• describing how they would measure whether or not their design succeeded or
failed; and,
• identifying things that they realistically thought they would be allowed to change and
what things would not be possible.
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Days 8–11: Designing Solutions (Elaborate/Evaluate)
Next, each impact group identified one hazard related to their weather event that they
wanted to address and began brainstorming ways to solve it. Over the course of a week, Mr.
C dedicated at least an hour a day for group work to develop solutions [SEP-6] . By the end
of the week, each impact group completed a labeled diagram of a design to reduce hazards
on campus, which served as a pictorial model [SEP-2] of how the structure of their design
solution would help accomplish a specific function [CCC-6] . One impact group proposed a
shade structure over the slide to keep it cool on sunny days, another impact group designed
a bio-swale to keep litter out of the storm drain to protect animals, a third impact group
imagined a wind fence around the garden and planned to tie every flower to a stake to protect
it from the wind.
Mr. C convened both impact groups that worked on the same weather event to share
the hazards that they identified and discuss the possible effects of their hazard on people,
structures, plants, and/or animals. Each team then identified the engineering solution they
developed to minimize or avoid the hazard and gives the other group feedback using a “+/-/
delta” protocol to identify the strengths and weaknesses they saw in each other’s designs
while also offering suggestions for improvements (3–5-ETS1-2). The impact groups made
effective engineering arguments [SEP-7] based on their team discussions.
Each of the impact groups made a brief presentation about its hazard and engineering
design solution. Mr. C told the students that they could comment on each other’s solutions,
especially as they related to the hazards that they worked on. For example, the wind impact
group mentioned that they were worried that the shade structure proposed by the heat impact
group might blow away in a heavy wind. They suggested that the heat impact group cement
it deep into the ground. Based on feedback from this session, Mr. C asked students to refine
and improve their designs. Students created new diagrams or other representations of their
proposed solutions.
Days 12–14: Final Presentations (Evaluate)
Students next prepared for their presentation to the School Site Council, a group of parents,
teachers, and the principal that makes decisions about the school campus. Each impact group
had six minutes to share its design for reducing a weather related hazard on campus, meaning
that each impact group gets just two minutes to communicate [SEP-8] how its design would
reduce the effects of their hazard. Mr. C told them that the adults were excited to hear about
the students’ ideas for improving the campus, but there was no guarantee that they would
adopt any of their suggestions. He told the students that many factors go into these important
decisions (EP&C V). Mr. C provided a template presentation that ensured students clearly
defined their hazard, presented evidence that the hazard existed on campus, and backed up
their claim that their design would reduce the hazard (3-ESS3-1). He then provided class time
for students to practice and get feedback to improve their presentations.
On Earth Day, students dressed up for their presentations to the School Site Council. Each
impact group presented its design idea and asked the council to implement it before the next
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school year. At the end of the day, Mr. C hosted a small celebration of students’ efforts,
presenting each impact group with a “Keepers of the Earth” certificate he designed for them.
Mr. C was very proud of the students’ efforts and hoped that the council would support at least
one of their proposals. The next week the School Site Council announced that they had allocated
funds to build a shade structure over the slide to keep it cool on sunny days. While most
students were happy that an idea from their class was adopted, a few were disappointed that
their own ideas were not selected. Attuned to this disappointment, Mr. C obtained permission
for students to implement three other designs on their own. Later in the year, the class
worked together to build a wind fence around the garden, to plant trees near the black top to
provide shade and block the wind, and to build an insect habitat to protect insects from hail.

Vignette Debrief
SEPs. On days 1–4, students analyzed their weather data [SEP-4] looking for trends
and patterns [CCC-1] . On day 4, Mr. C provided students an opportunity to engage in an
argument using evidence [SEP-7] when they considered when each season began and
ended. The argument was an authentic scientific discussion because there is no obvious correct
answer. Instead, any answer that can be justified by the data is valid. When scientists make
new discoveries, these sorts of discussions with other scientists may be the only way that they
can verify their discoveries. On day 14, students engaged in a different kind of authentic
argument [SEP-7] as part of their final presentations. In this case, they were trying to
convince decision-makers that their engineering design was an effective solution to a problem.
Days 5–14 included portions of the engineering design process. While students defined
the problem [SEP-1] on day 5, developed solutions [SEP 6] on days 6–8, and optimized
their solutions during day 8, they never actually built, tested, or improved their designs
using the results of scientific tests. In this case, the process of optimizing their engineering
designs was limited to peer review of the initial designs. This example illustrated how effective
engineering lessons could focus on parts of the engineering design cycle and did not need to
encompass the entire cycle to be successful.
DCIs. On days 1–4, students focused on weather and climate (ESS2.D). Students noticed
weather patterns in kindergarten, but in grade three they advance to recording the patterns
and using them to predict future weather. They also generalized these patterns into a
statement about an area’s climate. (See appendix 1 for the progression). The second half of
the lesson sequence related the natural weather processes to humans as one example of a
natural hazard (ESS3.B). Students recognized that they could not stop the natural process but
they could take steps to minimize its impact on people.
CCCs. Days 1–4 of the vignette had a strong focus on data analysis [SEP-4] during
which students identified patterns [CCC-1] in a long series of weather data they collected
themselves. Mr. C did not stop when students had identified the pattern, rather he asked them
to interpret the patterns in terms of the four seasons, and then asked them to return to the
specific data and see how well it matched up with the general pattern they had observed.
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This cycle reflected a common theme in science when scientists move fluidly back and forth
between data and generalizations. Scientists often use data to make generalizations, but
anomalies (situations where specific data contradict the general pattern) can often lead
to new discoveries or refinements to scientific models. In this third-grade lesson, students
were only expected to recognize and describe patterns because they were not able to gather
sufficient data to explain what caused the patterns.
EP&Cs. A major theme of these lessons was the interplay between natural weather phenomena and their impacts on people (EP&C II). Mr. C emphasized these relationships on each
of the interesting weather days throughout the school year, and they worked to minimize
these impacts during the design challenge starting on day 5. Several of the impact groups
focused on the direct impacts on people and buildings/things that people created). Another
impact group focused on the impacts of weather on the natural environment and how humans
could diminish these impacts (EP&C III). Since these projects related to weather, a number of
the solutions might alter the flow of water (EP&Cs II, IV). Teachers can emphasize these environmental connections both to the relevant impact groups and during whole class discussions.
CA CCSS Connections to English Language Arts and Mathematics: Throughout
the lesson sequence, students researched weather patterns. They evaluated which Web sites
provided the most accurate information. The students developed written arguments in groups
about the top three weather hazards on their campus and provided evidence to support their
arguments. They also developed and delivered a presentation to the School Site Council with
design solutions to mitigate the weather hazards. Throughout the lesson sequence, students
were recording weather data. They analyzed the data to identify weather patterns and anomalies.
This vignette was written by Mena Parmar and Nate Ivy of the Alameda County Office
of Education.
Resources:
U.S. Fish and Wildlife Service. 2016. “Create a Schoolyard Site Survey Map.” In 2016 Living
Schoolyard Activity Guide—California Edition, edited by Sharon Danks. Green Schoolyards.
America. http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link3

The performance expectations 3-ESS2-1 and 3-ESS2-2 use two synonymous terms to
discuss the same concept: “typical weather conditions during a particular season” and
climate. Seeing these terms, teachers can realize the usefulness of the shorthand label of
climate, but rather than frontloading the term climate at the beginning of the instructional
segment or year, teachers can introduce it after students have collected the years’ worth of
weather data and begun to recognize patterns in their observations. The difference between
the terms weather and climate is that weather is the actual conditions at a specific time and
place whereas climate refers to the typical conditions that can be expected in a given
location at a particular time or season. While the actual conditions of the atmosphere
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change all the time (weather), there are certain typical weather patterns that repeat each
day or each year at each location on Earth. For example, it almost never snows in San
Francisco or Los Angeles, but it does snow every year in the mountains near Lake Tahoe
and Big Bear, short drives from those cities. Snow usually only comes during the winter
season in California’s mountains, but other places on Earth, like Antarctica, receive snow
year-round. Weather and climate are shaped by complex interactions involving sunlight, the
ocean, the atmosphere, ice, landforms, and living things. Grade three students do not yet
have the foundation to understand these processes. Instead, they analyze and interpret
[SEP-4] data tables and graphs [SEP-5] to compare the climate in different cities. First

students must learn to obtain climate information [SEP-8] from Web sites. Then they can
demonstrate their ability to evaluate and compare climate information [SEP-8] from
different regions, by creating travel brochures or packing lists for travel to different locations
around the globe (3-ESS2-2).

Opportunities for Mathematics Connections
Students can construct a simple climatograph, a standard chart that combines a bar
showing monthly precipitation with a line graph of average temperatures. Every
student can create a climatograph for a different city or region and then place it on
the wall beside a picture of habitat commonly found in that region. Then, they can
compare cities. How much more rain falls in the rainforest of Brazil than the desert of
Southern California? How much hotter is it in Sacramento than San Francisco during June?
CA CCSSM: 3.MD.3, 4; MP.5

Teachers should emphasize the connection that climate is one of the physical factors
in an environment that determines the types of plants and animals that live in a particular
region (California’s History–Social Science standards call upon students to learn about the
ecosystems near where they live). Students can compare climate information to information
about different habitats, including looking at the global distribution of biomes. Playing the
Same Role by the California Education and the Environment Initiative (see http://www.cde.
ca.gov/ci/sc/cf/ch4.asp#link4) includes extensive resources that students can use to examine
the interconnections between climate and the distribution of Earth’s biomes. Students might
notice important patterns [CCC 1] such as the banding of specific biomes at different
latitudes and differences between the biomes along the coast versus the interior of some
continents (including distinct bands along the coast). Each of these patterns [CCC 1] is
evidence of specific phenomena, though students should not be expected to construct
explanations of what causes these patterns until the middle grades (MS-ESS2-6) (figure
4.7). They should be able to ask questions [SEP 1] about whether or not areas with
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similar biomes also have similar climate conditions and then investigate [SEP-3] using
their climate data to find the answers.
Figure 4.7. Climate Affects Ecosystems

Cause

(Investigated in
the middle grades:
MS-ESS2-6)

Patterns in climate

Patterns in ecosystems

Average Annual Temperature

Main Biomes in the World

?

IS4 LS4.C

ESS2.D

Illustration by M. d’Alessio with images from Department of Geography, University of Oregon 20001
and Koistinen 2007.

The CA NGSS emphasize students’ ability to describe the differences between the
climate characteristics of the different locations on Earth. However, they do not require
that students know the names of any of Earth’s biomes. A focus on such terminology
could distract from the real goal of honing students’ ability to make observations,
recognize patterns [CCC-1] in those observations, ask questions [SEP-1] about what
might be causing [CCC-2] them, and then engage in arguments from evidence [SEP-7] .

Opportunities for ELA/ELD Connections
For additional background information from different sources that addresses weather
and climate issues, students can investigate the Climate Kids, NASA’s Eye on the Earth
Web site, http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link6.
Students can also compare important points and details from different
informational texts, such as Climates by Theresa Alberti, The Magic School Bus and
the Climate Challenge by Joanna Cole, and Climate Maps by Ian F. Mahaney.
CA CCSS for ELA/Literacy Standards: RI.3.3, 7, 9, W.3.10
CA ELD Standards: ELD.PI.3.6, 11

1. The source of this material is the COMET® Web site at http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link5 of the University
Corporation for Atmospheric Research (UCAR), sponsored in part through cooperative agreement(s) with the National Oceanic
and Atmospheric Administration (NOAA), U.S. Department of Commerce (DOC). ©1997-2016 University Corporation for
Atmospheric Research. All Rights Reserved.
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In the primary grades, students developed some simple models that identified the
existence of cause and effect relationships for landscape changes, motion, and vision. What
mechanisms drive these cause and effect relationships? Grade four students focus on both
tangible processes like the erosion of soil and, for the first time, develop abstract concepts
like energy. They also seek to explain some processes that are not directly observable such
as internal body systems. Table 4.2 shows a sequence of five possible phenomenon-based
instructional segments in grade four.
The tool chest of science and engineering practices (SEPs) expands in grade four.
Students are able to use more sophisticated measurements and representations of data and
then analyze it more thoughtfully. They are also able to construct more complicated pictorial
models such as tracing the path of light rays as they reflect off objects. In grade four,
students have the geometric reasoning skills to describe and measure angles.
Despite all their growing skills and knowledge, grade four students are still elementary
children passionate about discovery and adventure. Teachers should capitalize on this
energy by providing opportunities to play with cars or marbles crashing together, build
towers, make up secret codes, go outside so that they can collect and observe insects, and
play in the sand with stream tables. These concrete experiences allow students to connect
their everyday experience to the abstract ideas that they are beginning to master.

252

Chapter 4

2016 California Science Framework

Grade Four
Table 4.2. Overview of Instructional Segments for Grade Four

1

Car Crashes
Students investigate the energy of motion and how
it transfers during collisions. They ask questions about the
factors that affect energy changes during collisions.

2

Renewable Energy
Students investigate different devices that convert
energy from one form to another and then design their own
device. They obtain information about how we convert natural
resources into usable energy and the environmental impacts
of doing so.

3

Sculpting Landscapes
Students develop models of how sedimentary rocks
form and use them to interpret the history of changes in the
physical landscape. They perform investigations of the agents
that erode and change landscapes.

4

Earthquake Engineering
Students explore earthquakes from three different
perspectives: They use maps to identify patterns about
where earthquakes occur on Earth, they develop models that
describe waves and apply them to understanding earthquake
shaking, and they design earthquake-resistant structures to
withstand that shaking.

5

Animal Senses
Students develop a model of how animals see that
includes their external body structures, internal body systems,
and light, and information processing.

Sources: Duran Ortiz 2011; Leaflet 2004; M. d’Alessio; Figure 1 at http://www.cde.ca.gov/ci/sc/
cf/ch4.asp#link7. © 2004 Jessica Todd, University of Colorado Boulder, TeachEngineering.org. All
rights reserved. Used with permission; Montani 2015
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Grade Four Instructional Segment 1: Car Crashes
In earlier grades, students developed models for how objects push or pull
against one another, but grade four is the first time that students encounter the
abstract concept of energy and the flow of energy within systems. In IS1, students explore
energy transfer in a visual, tangible form: collisions.

GRADE FOUR INSTRUCTIONAL SEGMENT 1: CAR CRASHES
Guiding Questions
• Why do car crashes cause so much damage?
• What happens to energy when objects collide?
Performance Expectations
Students who demonstrate understanding can do the following:
4-PS3-1. Use evidence to construct an explanation relating the speed of an object to the
energy of that object. [Clarification Statement: Examples of evidence relating speed
and energy could include change of shape on impact or other results of collisions
(CA).] [Assessment Boundary: Assessment does not include quantitative measures of
changes in the speed of an object or on any precise or quantitative definition of energy.]
4-PS3-3. Ask questions and predict outcomes about the changes in energy that occur when
objects collide. [Clarification Statement: Emphasis is on the change in the energy due to the
change in speed, not on the forces, as objects interact.] [Assessment Boundary: Assessment
does not include quantitative measurements of energy.]
California clarification statements that are bolded and followed by CA were incorporated by
the California Science Expert Review Panel.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS3.A: Definitions of Energy
PS3.B: Conservation of
Energy and Energy Transfer

[CCC-2] Cause and
Effect: Mechanism and
Explanation

PS3.C: Relationship
Between Energy and Forces

[CCC-4] Systems and
System Models

[SEP-3] Planning and Carrying
Out Investigations
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

CA CCSS for ELA/Literacy Connections: RI.4.1, 3, 9; W.4.2 a–d, 7, 8, 9 a–b
CA ELD Standards Connections: ELD.PI.4.6a, 11a, 10a
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Students begin their study of motion by exploring movements and collisions with a set of
materials such as toy cars, marbles, ramps, and other objects. In this way, they can test out
their existing mental models of motion. Teachers can challenge students to get their vehicle
to move faster or explore what happens when it collides with various objects. Students
begin to ask their own questions [SEP-1] , predict outcomes of different combinations of
motion and collision, and then try them out. From this spirit of free exploration, students
record as many observations and questions as possible in their science notebooks. They
can return to these questions again and reframe them in terms of energy after they have a
better understanding of the energy of motion.
Teachers can focus students back on a toy car sitting on a table. Why isn’t it moving?
What will it take to get it to move? Students have investigated forces in kindergarten and
grade three, and know that they need to push or pull the car to get it to move. A person
gives energy to the car when he or she applies a force to it. Scientists like to use the phrase
“transfer energy” rather than “give” because it emphasizes flow of energy [CCC-5] in
the system [CCC-4] , where energy gained by one object always comes at the loss of energy
from somewhere else. People do not usually feel the effects of losing energy when they push
a small toy car, but pushing a real car would be exhausting. Clearly people must transfer more
energy to a full-size car to get it to move than pushing a toy car. But what is energy?
Energy is a term commonly used in everyday language, but the concept of energy in
science has a specific meaning and teachers need to draw attention to these differences.
In science textbooks, energy is often formally defined as “the ability to do work,” but an
informal way to think about energy is “the ability to injure you.” Table 4.3 presents a list of
many different ways that a child could get injured. While a different verb describes each
process, they all have the same result. In the same way, scientists have different words to
describe the different forms by which energy can manifest itself. Each example of an injury
in table 4.3 correlates with a different form of energy that a person absorbs, which causes
[CCC-2] damage to the person’s body. Each of these energy forms can be transformed into

another by different processes—an electric stove transforms electricity into heat, an electric
fan transforms electricity into motion, and a windmill does the reverse by transforming
motion into electricity. Students explore many of these energy conversion processes in IS2
while IS1 focuses on the energy from motion and energy transfer.
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Table 4.3. Analogies Between Injuries and Different Forms of Energy
VERB PHRASE DESCRIBING
AN INJURY

RELATED FORM OF ENERGY

Fell down

Gravity (gravitational potential energy)

Crashed into a wall on a bicycle

Energy of motion (kinetic energy)

Hit by a baseball

Energy of motion (kinetic energy)

Burned by touching a hot stove

Heat (thermal energy)

Electrocuted by touching an electrical outlet

Electricity (electrical energy)

Sunburnt

Light energy

Ruptured eardrums at a loud concert

Sound energy

Poisoned by accidentally drinking household
cleaning products

Chemical energy (chemical potential energy)

In grade four, it is appropriate to use everyday language to describe common forms of
energy (e.g., heat, electricity). In the middle grades and high school, students will label
these concepts with more technical terms (shown in parentheses in the right-hand column).
Students next plan and carry out energy investigations [SEP-3] to explain the
relationship between an object’s speed and its energy. Students have an intuitive
understanding of speed and can probably devise ways to measure it (e.g., the time it
takes to travel a fixed distance), but energy is an abstract quantity. They need to compare
the amount of energy, but in grade four the relative amounts are qualitative and not
quantitative. In order to talk about amounts of energy, students also need to develop the
idea that energy has effects [CCC-2] . Something with more energy has larger effects
(e.g., does more damage when it hits a barrier or digs a bigger hole when it lands in a sand
box). Which has more ability to cause damage, a moving car or a parked car? How about
a car moving at five mph in a parking lot versus one traveling at 65 mph on the freeway?
Students can explore the effect a rolling marble or toy car has when it hits a paper cup
or another car. They can devise ways to increase or decrease the speed of their vehicle
(e.g., roll it down ramps at different speeds) and then describe the effect on the paper cup
(e.g., the distance the cup moved). Their measurements are evidence that they can use
to explain [SEP 6] the relationship between an object’s speed and its energy (4-PS3-1).
Students are now ready to ask more detailed questions about the effects of collisions in
terms of energy and energy transfer. They can investigate what happens when different size
cars collide (or tape together a stack of multiple identical cars to see the effect of a car with
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twice the mass) or the effects of adding a bumper of paper, clay, wood, or metal. They can
compare these collisions with the collisions in a Newton’s cradle where almost all the energy
from one silver ball gets transferred to the other balls and a real car crash where some of the
energy goes into deforming and squishing the car frame (figure 4.8). Their investigations
[SEP-3] should be driven by student-generated questions [SEP-1] . Teachers can help

students refine their questions in terms of energy transfer, for example: What determines the
amount of energy in a collision? What determines the amount of energy that gets transferred
during a collision? What happens to the energy in different types of collisions if it isn’t transferred to the energy of motion? Where does the energy of motion go when a car crashes into
a brick wall and stops? As they ask and refine each question, they can make and test specific
predictions (4-PS3-3).
Figure 4.8. Energy Transfer During Collisions in a Newton’s Cradle Versus a Car Crash

Source: Jarmoluk 2014; Duran Ortiz 2011
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Grade Four Instructional Segment 2: Renewable Energy
It takes energy to turn on the lights or move a car, but where does that energy
come from? Our modern energy infrastructure involves complex chains of
energy transfer between many objects and across vast distances. During IS2, students
investigate several forms of energy and create devices that convert one form to another.
They relate these abstract ideas about energy forms to the specific energy resources they
rely on in everyday life.

GRADE FOUR INSTRUCTIONAL SEGMENT 2: RENEWABLE ENERGY
Guiding Questions
• How do we get electricity and fuel to run cars and power electronic devices?
• How does human use of natural resources affect the environment?
Performance Expectations
Students who demonstrate understanding can do the following:
4-ESS3-1. Obtain and combine information to describe that energy and fuels are derived
from natural resources and their uses affect the environment. [Clarification Statement:
Examples of renewable energy resources could include wind energy, water behind dams, and
sunlight; non-renewable energy resources are fossil fuels and fissile materials. Examples of
environmental effects could include loss of habitat due to dams, loss of habitat due to surface
mining, and air pollution from burning of fossil fuels.]
4-PS3-2. Make observations to provide evidence that energy can be transferred from place
to place by sound, light, heat, and electric currents. [Assessment Boundary: Assessment does
not include quantitative measurements of energy.]
4-PS3-4. Apply scientific ideas to design, test, and refine a device that converts energy from
one form to another.* [Clarification Statement: Examples of devices could include electric
circuits that convert electrical energy into motion energy of a vehicle, light, or sound; and,
a passive solar heater that converts light into heat. Examples of constraints could include
the materials, cost, or time to design the device.] [Assessment Boundary: Devices should be
limited to those that convert motion energy to electric energy or use stored energy to cause
motion or produce light or sound.]
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
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GRADE FOUR INSTRUCTIONAL SEGMENT 2: RENEWABLE ENERGY
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS3.A: Definitions of Energy

[CCC-4] Systems and
System Models

[SEP-3] Planning and Carrying Out
Investigations
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-8] Obtaining, Evaluating, and
Communicating Information

PS3.B: Conservation of
Energy and Energy Transfer
PS3.D: Energy in Chemical
Processes and Everyday Life
ESS3.A: Natural Resources
ETS1.A: Defining
Engineering Problems

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS for ELA/Literacy Connections: RI.4.3, 5; W.4.1, 7
CA ELD Standards Connections: ELD.PI.4.2, 10a, 11

While everyday conversations might discuss a person “running out of energy” or energy
“being consumed,” science refers to energy being transferred to other objects or being
transformed into a different form. If an object has energy of motion (or any other form of
energy), students should always ask, “Where did that energy come from?” If it appears to
be losing energy (e.g., slowing down, cooling down, or getting dimmer), they should ask,
“Where did the energy go?” Teachers open this segment by posing these questions about
different everyday objects such as a toaster that heats up when plugged into an electrical
outlet, a tablet computer whose bright screen shines using a battery, and a car that moves
using gasoline.
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Before understanding complex devices such as these, students conduct a series
of investigations [SEP-3] where they observe, model [SEP-2] , and discuss situations
where energy is transferred from one object to another, transferred from place to place, or
transformed from one form of energy to another. The goal of these activities is for students
to develop and refine their language for describing energy, their concept of what scientists
mean when they use the term energy, and to begin to collect evidence that energy can be
transferred from place to place by sound, light, heat, and electric currents (4-PS3-2). Teams
of students can visit stations where each team examines different systems [CCC-4] , such as
the following:
•

Energy of motion to sound: one block collides into another block or a moving
ball collides into another ball

•

Elastic energy to motion: a rubber-band catapult or a trampoline

•

Light energy to heat: sunlight or a heat lamp on a surface

•

Chemical energy to heat and/or light: a hand warmer, a candle flame, a light stick

•

Light energy to electrical energy to sound: solar panel connected to a circuit
that rings an electrically-operated doorbell

•

Wind energy to motion: blowing on a pin wheel or leaves moving on a tree

•

Motion into heat energy via friction: rubbing hands together or sliding objects
across surfaces such as sand paper and carpet

•

Mechanical energy to motion: wind-up devices such as wind-up toy chicks,
chattering teeth, cars, or hand crank generators spinning a fan motor

•

Motion to sound: vibrating tuning forks

After exploring a few of the stations freely, the class convenes to try to come up with a list
of all the different forms of energy they have observed. While they investigated the energy
of motion in IS1, this is the first time they explicitly consider all the different forms of energy.
They then return to the stations with their science notebooks and for each station they fill in
a table with (1) the forms of energy observed, (2) changes they observed in the interactions,
(3) the transfers of energy from one object to another or from one place to another, and (4)
the transformations of energy (e.g., light to electrical energy). This table comprises a conceptual model [SEP-2] of interactions between objects. Like all models of a system [CCC-4] ,

this table describes the components of the system, how they relate or interact with one
another, and can be used to explain [SEP-6] the behavior of the system. Their explanations
should emphasize how different processes can move energy from one place to another. After
experiences with systems in the real world, students can investigate computer simulations of
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simple systems that depict interactions that are usually invisible in the real world (PhET n.d.a).
To tie these small systems back to the broader world, students obtain, evaluate, and
communicate information [SEP-8] about fuels and other energy sources. The energy

we use to power devices like cars, computers, and homes does not disappear but instead
is converted into other forms such as motion, light, or heat. This energy must come from
somewhere, and students trace these chains of energy transfer back to several different
sources in the natural environment. In some cases, the natural resources directly consumed
to make the energy are abundant and constantly replenished so they are called renewable
energy resources (like energy from the Sun, wind, and water). Some renewable energy
sources, such as trees cut for firewood, can take several decades to grow before they can
be used for fuel. Because they are not formed or accumulated over a human lifetime, some
energy resources are called nonrenewable (like coal, oil, natural gas, and the uranium used
in nuclear power plants). Obtaining energy from all these resources changes and damages
the natural environment, but extracting some energy sources is much more harmful than
others (California’s Environmental Principles and Concepts [EP&Cs I, II, IV]). Teachers
assign students to obtain information [SEP-8] about a specific renewable resource (e.g.,
wind, solar, water stored behind dams used to drive hydroelectric generation, biofuels) and
nonrenewable resource (e.g., fossil fuels such as gasoline, natural gas, or coal). Students
review information they find in print and digital media to discover which objects and forms
of energy play a role in each energy resource; how the energy resource is used (running
cars, generating heat, producing electricity); and how the use of the energy source affects
the environment (EP&C II).

Engineering Connection: Renewable Energy with
Low Environmental Impact
Student teams complete a design project that demonstrates some form of
renewable energy with low environmental impact. Teachers can either dictate a
class-wide energy challenge or allow teams to pursue their own energy projects. The
emphasis is on designing a solution [SEP-6] that meets certain criteria, including
potential environmental impacts (EP&Cs II, V) and converts energy from one form to
another (4-PS3-4). Students should then test and improve their design, striving to make
it a more efficient energy conversion device.

Student teams communicate their findings about different energy sources and demonstrate
their energy conversion devices at a class Energy Day. They have interactive demonstrations
and exhibits where students teach their families about the various forms of energy, science,
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technology, efficiency, conservation, environmental impacts, and careers in the energy industry.

Opportunities for ELA/ELD Connections
As part of the project about fuels and other sources that provide energy, and using
the information gathered, students write an opinion piece about supporting (or not
supporting) the use of renewable or nonrenewable energy resources. Their opinion
pieces should consider the environmental impacts of using either renewable or
nonrenewable resources (EP&C II).
CA CCSS for ELA/Literacy Standards: RI.4.3, 5; W.4.1, 7
CA ELD Standards: ELD.PI.4.10a, 11

Sample Integration of Science and ELD Standards
in the Classroom
Students have been engaged in investigating the phenomena of energy
transformation (4-ESS3-1). Students worked in small groups to conduct a short
research project on different aspects of humans’ impact on Earth’s resources.
They obtained and combined information [SEP-8] to explain how energy and fuels
are derived from natural resources and how their uses affect the environment. The
students used books, Internet sources, and other reliable media to work together in
small groups to construct a coherent explanation of how human uses of energy derived
from natural resources affect the environment in multiple ways, how some resources are
renewable and others are not, and possible actions that humans could take in the future.
Each small group co-developed a written explanation and prepared a digital presentation
with relevant graphics to present their research.
CA ELD Standards: ELD.PI.4.2
Source: Lagunoff et al. 2015, 246–247
EP&C Connection: Students work in small groups to conduct a short research project on
different aspects of humans’ impact on Earth’s resources and natural systems (EP&C II).
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Grade Four Instructional Segment 3: Sculpting Landscapes
California’s landscape has shaped our history, allowing this unit to be effectively
integrated with grade four history–social science standards. Gold was first
discovered in California in material eroded away from high in the Sierra Nevada and then
deposited in the fertile Central Valley. In grade two, students observed how wind and water
change landscapes, noting that some of the changes are slow while others are rapid. In
grade four, they focus on the cause and effect relationship and look at exactly what happens
when rocks get broken apart, transported, and deposited.

GRADE FOUR INSTRUCTIONAL SEGMENT 3: SCULPTING LANDSCAPES
Guiding Questions
• How do water, ice, wind, and vegetation sculpt landscapes?
• What factors affect how quickly landscapes change?
• How are landscape changes recorded by layers of rocks and fossils?
• How can people minimize the effects of changing landscape on property while still protecting
the environment?
Performance Expectations
Students who demonstrate understanding can do the following:
4-ESS3-1. Identify evidence from patterns in rock formations and fossils in rock formations
and fossils in rock layers for changes in a landscape over time to support an explanation
for changes in a landscape over time. [Clarification Statement: Examples of evidence from
patterns could include rock layers with shell fossils above rock layers with plant fossils and
no shells, indicating a change from land to water over time; and, a canyon with different
rock layers in the walls and a river in the bottom, indicating that over time a river cut
through the rock.] [Assessment Boundary: Assessment does not include specific knowledge
of the mechanism of rock formation or memorization of specific rock formations and layers.
Assessment is limited to relative time.]
4-ESS2-1. Make observations and/or measurements to provide evidence of the effects of
weathering or the rate of erosion by water, ice, wind, or vegetation. [Clarification Statement:
Examples of variables to test could include angle of slope in the downhill movement of
water, amount of vegetation, speed of wind, relative rate of deposition, cycles of freezing
and thawing of water, cycles of heating and cooling, and volume of water flow.] [Assessment
Boundary: Assessment is limited to a single form of weathering or erosion.]
4-ESS2-2. Analyze and interpret data from maps to describe patterns of Earth’s features.
[Clarification Statement: Maps can include topographic maps of Earth’s land and ocean
floor, as well as maps of the locations of mountains, continental boundaries, volcanoes, and
earthquakes.] (Introduced. Fully assessed in IS4)
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GRADE FOUR INSTRUCTIONAL SEGMENT 3: SCULPTING LANDSCAPES
4-ESS3-2. Generate and compare multiple solutions to reduce the impacts of natural
Earth processes on humans.* [Clarification Statement: Examples of solutions could include
designing an earthquake resistant building and improving monitoring of volcanic activity.]
[Assessment Boundary: Assessment is limited to earthquakes, floods, tsunamis, and volcanic
eruptions.] (Introduced. Fully assessed in IS4)
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem.
3–5-ETS1-3. Plan and carry out fair tests in which variables are controlled and failure points
are considered to identify aspects of a model or prototype that can be improved.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

ESS1.C: The History of
Planet Earth

[CCC-1] Patterns

[SEP-3] Planning and Carrying
Out Investigations

ESS2.A: Earth Materials and
Systems

[SEP-5] Using Mathematics and
Computational Thinking

ESS2.E: Biogeology

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.A: Defining
Engineering Problems

[CCC-3] Scale,
Proportion, and Quantity

ESS3.B: Natural Hazards

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS for ELA/Literacy Connections: W.4.3, 4, 7, 8, 10; L.4.1, 2, 5, 6
CA ELD Standards Connections: ELD.PI.4.6, 10.b

Landscapes are constantly changing as forces on Earth’s surface sculpt and reshape the
rocks. Sometimes these forces act quickly (sudden landslides) while other times they cause
more gradual changes. Students will eventually return to the issue of timescales of these
processes at a more nuanced level in high school (HS-ESS2-1), but fourth-graders begin by
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simply observing that there are factors that affect the speed at which landscapes change
and that there are systematic patterns that cause these differences in rate.
While erosion of a centimeter of rock might take all year in real life, students can often
observe the effects of water, ice, wind, or vegetation on soil in their schoolyard (figure 4.9).
These processes have two types of effects on rock and soil: they (1) break material into
smaller pieces and (2) transport those pieces (erosion), eventually depositing them in new
places. The roots of plants squeeze their way through the soil and slowly wedge pieces
apart but do not usually move those pieces very far (weathering only). Other processes
often involve both weathering and erosion by the same force. Wind only has enough force
to break off and blow away tiny sand and dust particles. By contrast, the force of a moving
glacier made of ice was enough to slice off the missing half of Half Dome in Yosemite,
literally moving a mountain (or at least half of it). In most parts of California, flowing water
is the most important process that breaks apart rocks and moves them. Students should
directly investigate at least one of these processes in detail.
Figure 4.9. Erosion and Deposition on the Schoolyard and in Nature

Sources: Mauney 2013; Miller 2008

One of the most engaging and dramatic investigations of weathering and erosion by
water is a physical model [SEP-2] of a river called a stream table (a container or tray filled
with sand, clay, and/or gravel propped up on one end to represent a sloping mountainside).
Because students can try out different scenarios and quickly see the results, stream tables
are excellent platforms for students to plan and carry out investigations [SEP-3] to
examine the effect of water on the rate of erosion. They can make measurements that
show how different scenarios such as the type of Earth material, slope of the stream table,
rate of water flow, and vegetation all affect the rate of erosion or the rate at which layers
accumulate at the bottom (4-ESS2-1; See the “Instructional Strategies Snapshot: Teaching
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the Nature of Science Explicitly” in chapter 11 for another performance task appropriate for
this performance expectation). Each group of students constructs an explanation [SEP-6]
describing how a change they made in their experimental system caused [CCC-2] a
change in the speed of weathering, erosion, or deposition.
Students may have used a stream table in grade two to make qualitative observations.
By grade four, they can use the same tool but measure the results quantitatively. In grade
two, their objective was to distinguish between slow and fast processes, but now they can
vary parameters like the slope steepness and notice regular patterns [CCC-1] in their data
over a range of steepness and describe how much faster or slower ( scale, proportion,
quantity [CCC 3] ).

Students can analyze [SEP-4] maps of their community and predict places where
erosion will happen the fastest (4-ESS2-2). These maps could show topography as different
colors where students recognize that the steepest slopes have the most erosion, or
simplified geologic maps that indicate the strength of different rocks and therefore their
resistance to erosion.

Engineering Connection: Minimize Damage to Property
from Erosion
Because flowing water erodes so quickly, most natural rivers erode their banks causing
the river to move and flow. Many property boundaries and even the southeastern
edge of the State of California at the Colorado River are defined by the location
of rivers. As the bank erodes away, people’s properties can get smaller and houses
can have their foundation eroded away so that they eventually fall down. In a stream
table, students can generate and test multiple solutions that prevent the risk of damage
to property from this natural hazard (4-ESS3-2; 3–5-ETS1-2; 3–5-ETS1-3). As they
reinforce the property, how does the engineering solution affect the natural environment
(EP&C III)? When people decide whether or not they will build some sort of protection,
they must weigh both the benefits to their property and the damage to their neighbors’
properties and to the natural river system (EP&C IV).

Stream tables also allow students to directly investigate how some types of rocks form
in layers. When water slows down at the bottom of the stream table, the water no longer
pushes the pieces of sand and soil with enough force to move them, so they settle down in
a layer. The same thing happens in real life as material eroded from mountains drops out of
rivers when the water slows down on the flatter valleys below or when it slows even more
as it reaches a slow moving lake or the ocean. Students can place leaves at the bottom
of the stream table and watch how they get buried (the first stage in fossil formation). As
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vegetation and animals in an area change over time, the types of leaves and animal remains
that get buried and fossilized also change. The assessment boundary for 4-ESS1-1 states
that students do not need “specific knowledge of the mechanisms of rock formation,” but
understanding how rock layers record changes in landscape does require at least some
general understanding of how these layers accumulate. The assessment boundary is designed
to signal teachers that students will investigate the processes of rock formation in the middle
grades. Material that is often covered in elementary school, such as the classification of rocks
into three main types and the rock cycle, are therefore not a part of grade four. Instead,
the learning progressions in the California Next Generation Science Standards (CA NGSS)
(appendix 1 of this framework) and the performance expectations indicate that grade four
focuses on rocks that form at the Earth’s surface (primarily sedimentary rocks).
Once students have a basic model for how layers accumulate, they can interpret data
[SEP-4] from fossils and rock type to infer changes that occurred to the landscape at a

particular location (4-ESS1-1). Each layer of rock reveals clues about the environment in
which it formed in both the rock material itself (such as the size of the individual pieces that
make it up (figure 4.10) and the fossils contained in each layer (building upon LS4.A from
grade three about how fossils provide evidence of the environment in which they formed).
Students can use observations from famous national parks like the Grand Canyon or more
local settings for which geologic studies exist. Ideally, students can take field trips to local
exposures of rock layers in their community, but they can also practice interpreting rock
layers by examining the different types of concrete and building materials on their own
schoolyard (USGS 2015a).
Figure 4.10. Layers of Rock Record Changes in Landscapes
A geologist sees …

A geologist thinks …
big pieces = steep slopes,
lots of energy for erosion

medium size pieces =
intermediate slopes

tiny pieces = flat landscape,
slow moving water

Ancient channel carved
by fast moving material

Scientist near Point Reyes Lighthouse in California points out rock formation layers. Source: M. d’Alessio
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Opportunities for ELA/ELD Connections
As part of an investigation about rocks, rock formations, and the components in rocks
that provide evidence of changes in a landscape over time, students take notes,
paraphrase, and categorize information by creating an I Am a Rock book. Students
can write the information from the point of view of a rock in their investigation,
including a description of what it is made of, how it formed, how it provides evidence
of changes in the landscape, etc. Students include pictures throughout, as well as a list
of sources at the end of the book.
CA CCSS for ELA/Literacy Standards: W.4.3, 4, 7, 8, 10; L.4.1, 2, 5, 6
CA ELD Standards: ELD.PI.4.6, 10.b

Grade Four Instructional Segment 4: Earthquake Engineering
All regions of California face earthquake hazards. In this unit, students use the
phenomenon of earthquakes to introduce the physical science concept of waves.
The CA NGSS emphasize waves because electromagnetic waves play a fundamental role
in modern technology (communications and medical imaging, among other applications).
Grade four students do not yet study abstract electromagnetic waves, but instead develop
models [SEP-2] of more tangible waves that cause objects to have a repeating pattern
[CCC-1] of motion.

GRADE FOUR INSTRUCTIONAL SEGMENT 4: EARTHQUAKE ENGINEERING
Guiding Questions
• How have earthquakes shaped California’s history?
• How can we describe the amount of shaking in earthquakes?
• How can we minimize the damage from earthquakes?
Performance Expectations
Students who demonstrate understanding can do the following:
4-PS4-1. Develop a model of waves to describe patterns in terms of amplitude and
wavelength and that waves can cause objects to move. [Clarification Statement: Examples
of models could include diagrams, analogies, and physical models using wire to illustrate
wavelength and amplitude of waves.] [Assessment Boundary: Assessment does not include
interference effects, electromagnetic waves, non-periodic waves, or quantitative models of
amplitude and wavelength.]
4-ESS2-2. Analyze and interpret data from maps to describe patterns of Earth’s features.
[Clarification Statement: Maps can include topographic maps of Earth’s land and ocean
floor, as well as maps of the locations of mountains, continental boundaries, volcanoes, and
earthquakes.]
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GRADE FOUR INSTRUCTIONAL SEGMENT 4: EARTHQUAKE ENGINEERING
4-ESS3-2. Generate and compare multiple solutions to reduce the impacts of natural
Earth processes on humans.* [Clarification Statement: Examples of solutions could include
designing an earthquake resistant building and improving monitoring of volcanic activity.]
[Assessment Boundary: Assessment is limited to earthquakes, floods, tsunamis, and volcanic
eruptions.]
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost.
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem.
3–5-ETS1-3. Plan and carry out fair tests in which variables are controlled and failure points
are considered to identify aspects of a model or prototype that can be improved.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS4.A: Wave Properties

[CCC-1] Patterns

ESS3.B: Natural Hazards

[SEP-2] Developing and Using
Models

ETS1.A: Defining
Engineering Problems

[CCC-6] Structure and
Function

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the
Design Solution

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: 3.MD.7b; 4.NF.7, 5.G.1
CA CCSS for ELA/Literacy Connections: SL.4.2; W.4.8
CA ELD Standards Connections: ELD.PI.4.6, 11
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Many children in California have never felt an earthquake, though they know about them
from family stories, media, and school disaster drills. Teachers can begin by hearing what
students already know about earthquakes. They can show maps of recent earthquakes in
California, read stories about important earthquakes in the history of California (including the
1857 Southern San Andreas, 1868 Hayward, 1872 Lone Pine, and the Great 1906 earthquake
in San Francisco) as well as more modern earthquakes that their parents or grandparents may
have felt (1971 San Fernando, 1989 Bay Area, 1994 Northridge).

Opportunities for Mathematics Connections
Where do earthquakes usually strike in California? How about the rest of the world?
Students can take a list of the longitude and latitude of earthquake epicenters and
plot them on a map (CA History–Social Science Standards 4.1.1; this skill is not part
of the CA CCSSM until grade five, 5.G.1). Depending on the skill level of the students,
the longitude and latitude should probably be rounded to the nearest whole number
and students can plot them on a world map. Students who have greater mastery of
decimal numbers (4.NF.7) can use locations rounded to the nearest tenth of a degree,
which makes the locations detailed enough to plot on a map of California. To reveal
key patterns [CCC 1] , students will need to work together to plot a large number of data
points (100-200 earthquakes). Students should then ask questions [SEP-1] about the
patterns they see. Students are likely to discover that earthquakes cluster in certain areas
(including California) and there are large areas on the globe where very few earthquakes
occur. In the middle grades, students will explain these patterns in terms of plate motions
and the internal forces. In grade four, students are only responsible for describing
patterns (4-ESS2-2) and asking questions about what might cause these patterns.
Teachers might be surprised to see a large number of earthquakes in Oklahoma,
which has experienced more earthquakes per year than California since 2014. US
Geological Survey scientists have documented that this increase is due almost entirely to
wastewater from the oil and gas industry pumped deep into the ground (Weingarten et
al. 2015; Ellsworth et al. 2015). This dramatic change in just a few years is a powerful
example of how humans can disrupt natural cycles (EP&C III) and that altering these
natural cycles affects human lives (EP&C IV).
CA CCSSM: 4.NF.7; 5.G.1

What does it feel like to be in an earthquake? Students can describe what they see in
video clips of major earthquakes. How do objects move when they are attached to the
ground? What happens when they are not attached? Students should be able to observe the
clear back-and-forth motion during earthquake shaking. The shaking may start off gently,
suddenly become severe, and slowly die back down. When students look at videos of the
same earthquake from different locations, how does the shaking compare? The strength
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and duration of shaking a person experiences during an earthquake depend on many
factors, including the amount of energy released in the earthquake, the distance the person
is from the earthquake source, and the rigidity of the ground underneath the person. Grade
four students are not expected to know or be told about these differences. They should
focus on describing similarities and differences between different earthquake observations
and asking questions [SEP-1] about what influences the shaking.
Students must then develop a model [SEP-2] of earthquake shaking. They can start
with a physical model where they move their hands back and forth, reproducing the
intensity of shaking by the distance they move their hands and the timing of the shaking
by how quickly they must vibrate them back and forth. They can observe how this shaking
forms a visible wave when they hold one end of a wire, string, or toy spring and repeat
the motion. The farther up and down they move their hand, the farther up and down the
string moves at its peaks (figure 4.11, left side). Students might also notice that the wave
becomes longer and broader when they slow down their shaking (figure 4.11, right side).
They have discovered two key aspects of describing waves: amplitude and wavelength.
In earthquake waves, the amplitude is the intensity of the shaking while the wavelength
relates to how quickly the movement repeats (figure 4.12). Teachers can have students
practice using pictorial models of seismic waves by asking them to measure the wavelength
and amplitude at different points in the recordings of famous California earthquakes,
determine where the shaking would be most severe on each recording, and compare the
shaking amplitude from different earthquakes.
Figure 4.11. Physical Model of Waves with a String
How far up and down your hand moves

How quickly your hand vibrates

Small

Fast

Large

Slow

Diagram by M. d’Alessio
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Figure 4.12. Pictorial Model of Simple Waves and Earthquake Shaking

Simple Wave

Typical Earthquake Wave
shorter

longer

amplitude
wavelength

smaller
amplitude

larger
amplitude

Diagram by M. d’Alessio

It is not scientifically accurate to describe the width of an earthquake wave from a
seismic recording graph as wavelength because the horizontal axis on these graphs is time,
not length. This distinction is not important for grade four students and students can see
how different parts of the earthquake wave have different lengths on the graph just like
they can describe different wavelengths in real life.
Lastly, students can view computer visualizations of earthquake waves traveling across
the surface (USGS 2016). Students see that earthquake waves appear like ripples on a pond
or waves moving across the open ocean. They are in fact all examples of waves whose
motion can be described using wavelength and amplitude.

Opportunities for ELA/ELD Connections
Students view two to three different videos on waves and use a note-taking template,
such as a T-chart, to capture key information. On the left-hand side of the T, provide
students with broad concepts for waves—light waves, sound waves, characteristics
of waves, behaviors of waves (reflected, absorbed, transmitted), and examples
of movement of energy. On the right-hand side, prompt students to include details
gleaned from the videos. Possible sources of videos include Vimeo, YouTube, or
recognized science experts (e.g., Bill Nye).
CA CCSS for ELA/Literacy Standards: SL.4.2; W.4.8
CA ELD Standards: ELD.PI.4.6, 11
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Engineering Connection: Design a Home to Withstand
an Earthquake
While earthquakes are a part of life in California, people can protect themselves from
harm. California communities have adopted and enforce strict building codes so that
every new building constructed must be designed using earthquake-safe techniques
and be inspected by trained engineers prior to being used. These building codes
are the difference between life and death. Fewer than 75 people died in each of the
last three large earthquakes near cities in California (1971, 1989, 1994). More people
die of preventable heart disease in California every day than died from these three
earthquakes that took place over a span of more than two decades (CDC 2015). By
contrast, a comparable earthquake in Bam, Iran in 2003 killed more than 25,000 people
even though it was smaller than any of the California earthquakes. The difference is
that homes in Iran were not constructed to the same standards as California buildings.
Students will design a structure that can withstand earthquakes so that its occupants
stay safe during the next “Big One.” (4-ESS3-2).
Teachers should introduce a scenario in which students design a home that is big
enough to hold a family and is capable of withstanding a strong earthquake. Teachers
can construct a simple shake table where students will test out their designs (Teach
Engineering 2010). First, students must define the problem [SEP-1] by deciding on
criteria for success (3–5-ETS1-1). How long must the structure endure shaking before
it can be certified as safe? What will the amplitude of the ground shaking be during
the test? What counts as falling down? For example, if the structure tilts to the side
during the test, is it still certified as safe? They then must work with the constraints
given to them by the teacher. They use only the provided materials (interlocking plastic
bricks, toothpicks and gumdrops, spaghetti strands and masking tape, index cards and
transparent tape, etc.). Students calculate the area of their home’s usable floor space to
make sure it meets the minimum size requirements (CA CCSSM 3.MD.7b).
Each group of students generates a possible design that may solve the problem
[SEP-6] and tests it out on the shake table (3–5-ETS1-3). Students quickly realize that
they must be as consistent as possible with the shaking in order for the tests to be fair.
Students then compare the different designs to determine which strategies worked best
(3–5-ETS1-2). They modify their designs for a second trial and see if their improved
structure can withstand stronger shaking. They create a presentation of their design to
a future homeowner with diagrams that illustrate the structural features [CCC-6] they
use to ensure the family’s safety.
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Grade Four Instructional Segment 5: Animal Senses
The CA NGSS in grade four present a number of related performance expectations around how animals sense and process information. Students can develop
a model that unifies external sensing organs, the internal brain structures that support
them, the principles of information processing, and how all these processes work together
to help organisms survive and thrive in the world. Because these ideas integrate so many
concepts, this instructional segment represents a strong capstone to grade four.
GRADE FOUR INSTRUCTIONAL SEGMENT 5: ANIMAL SENSES
Guiding Questions
• How do the internal and external structures of animals help them sense and interpret their
environment?
• How do senses help animals survive, grow, and reproduce?
• What role does light play in how we see?
• How do humans encode information and transmit it across the world?
Performance Expectations
Students who demonstrate understanding can do the following:
4-LS1-1. Construct an argument that plants and animals have internal and external structures
that function to support survival, growth, behavior, and reproduction. [Clarification Statement:
Examples of structures could include thorns, stems, roots, colored petals, heart,
stomach, lung, brain, and skin. Each structure has specific functions within its
associated system (CA).] [Assessment Boundary: Assessment is limited to macroscopic
structures within plant and animal systems.]
4-LS1-2. Use a model to describe that animals receive different types of information through
their senses, process the information in their brain, and respond to the information in different
ways. [Clarification Statement: Emphasis is on systems of information transfer.] [Assessment
Boundary: Assessment does not include the mechanisms by which the brain stores and
recalls information or the mechanisms of how sensory receptors function.]
4-PS3-2. Make observations to provide evidence that energy can be transferred from place
to place by sound, light, heat, and electric currents. [Assessment Boundary: Assessment does
not include quantitative measurements of energy.]
4-PS4-2. Develop a model to describe that light reflecting from objects and entering the eye
allows objects to be seen. [Assessment Boundary: Assessment does not include knowledge of
specific colors reflected and seen, the cellular mechanisms of vision, or how the retina works.]
4-PS4-3. Generate and compare multiple solutions that use patterns to transfer
information.* [Clarification Statement: Examples of solutions could include drums sending
coded information through sound waves, using a grid of 1s and 0s representing black and
white to send information about a picture, and using Morse code to send text.]
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
California clarification statements that are bolded and followed by CA were incorporated by
the California Science Expert Review Panel.
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.A: Structure and
Function

[CCC-1] Patterns

[SEP-2] Developing and Using
Models

LS1.D: Information
Processing

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-3] Planning and Carrying Out
Investigations

PS4.B: Electromagnetic
Radiation

[CCC-4] Systems and
System Models

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

PS4.C: Information
Technologies and
Instrumentation

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-7] Engaging in Argument
from Evidence

[CCC-6] Structure and
Function

[SEP-8] Obtaining, Evaluating, and
Communicating Information

[CCC-7] Stability and
Change

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: 4.OA.5; 4.MD.5, 6; 4.G.3; MP. 2, 4, 5, 6
CA CCSS for ELA/Literacy Connections: W.4.1; RI.4.3, 7
CA ELD Standards Connections: ELD.PI.4.10

This instructional segment is very broad and interconnects life sciences and physical
sciences. This description of the instructional segment starts with a focus on the content
connected to the internal and external structures of plants and animals and how these
structures support their survival, growth, behavior, and reproduction. The remainder of
the instructional segment description focuses on how various sensory receptors, a specific
group of internal structures, are used to help organisms collect information, which they then
process and use for survival and reproduction.
Students begin with observations to construct explanations [SEP-6] and develop
models [SEP-2] for how plant and animal structures function to support survival, growth,
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behavior, and reproduction. They can begin their study by taking a walking field trip to
a school or local garden, community park, or nature preserve. Each student chooses a
plant or animal to carefully observe and sketch. The goal of drawing the organism is to
identify different structures [CCC-6] and ask questions [SEP-1] about how they help the
organism survive. These questions set the stage for gathering evidence. Based on further
observations, research, and classroom and outdoor experiences, students construct an
argument [SEP-7] about the importance of specific structures of an insect to its survival,

growth, behavior, and reproduction. Together, student teams can use a “Questions, Claims,
and Evidence” format to organize their argument that structures of their organism function
to support survival, growth, behavior, and reproduction.
GRADE FOUR VIGNETTE 4.2: STRUCTURES FOR SURVIVAL IN A HEALTHY ECOSYSTEM
Performance Expectations
Students who demonstrate understanding can do the following:
4-LS1-1. Construct an argument that plants and animals have internal and external
structures that function to support survival, growth, behavior, and reproduction. [Clarification
Statement: Examples of structures could include thorns, stems, roots, colored petals, heart,
stomach, lung, brain, and skin. Each structure has specific functions within its associated
system.] [Assessment Boundary: Assessment is limited to macroscopic structures within from
one of California’s systems.]
4-LS1-2. Use a model to describe that animals receive different types of information through
their senses, process the information in their brain, and respond to the information in different
ways. [Clarification Statement: Emphasis is on systems of information transfer.] [Assessment
Boundary: Assessment does not include the mechanisms by which the brain stores and
recalls information or the mechanisms of how sensory receptors function.]
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

LS1.A: Structure and
Function

[CCC-4] Systems and System
Models

[SEP-7] Engaging in
Argument from Evidence

LS1.D: Information
Processing

[CCC-6] Structure and Function
[CCC-7] Stability and Change

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS for ELA/Literacy Connections: W.4.1, SL.4.1, SL.4.4, SL.4.5
CA ELD Standards Connections: ELD.PI.1-3, 5, 9-11
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Introduction
Mr. F thinks it is very important for students to explore natural systems [CCC-4] outside
of their classroom rather than just reading about them in books. He plans ahead for a field
trip outside of the classroom so students become active observers of the natural world and
learn about the internal and external structures of plants and animals where they live. Mr. F’s
experience tells him that observing living organisms in nature would be the best strategy for
teaching students about the functions of external structures in growth, survival, behavior, and
reproduction.
Preparation for a Field Investigation
Students work with the art teacher to develop their skills for making plant and animal
drawings in their science notebooks.
Day 1: Getting Ready for a Field Trip
Students brainstorm about the plants and animals they might observe during their field trip
and discuss the types of external structures they might see.
Day 2: Observing External Structures in Nature
Students undertake a field investigation in the neighborhood and record the plants and
animals they see in their science notebooks.
Day 3: Structures for Survival
Students identify external structures and add drawings to their science notebooks for the
plants and animals they observe. They make claims about how they aid in survival.
Day 4: External Structures in California Habitats
Students investigate California’s diverse habitats and investigate differences in the external
structures of plants and animals that live there.
Day 5: Survival in Changing Habitats
Students develop pictorial models representing all of the information they have gathered
about plants’ and animals’ external structures. They then use the models to test an interaction
relating to the functioning of a natural system.
Preparation for a Field Investigation
Anchor phenomenon: Different animals and plants have different external parts.

The week before the field trip, Mr. F asked the art teacher to prepare the students by
helping them learn how to draw various local plants and animals. He mentioned to her that
the students would be focusing on the external structures of these organisms so it would
be especially helpful if they learned how to draw items like beaks, wings, feet, tails, leaves,
flowers, branches, roots, seeds, and nuts. At that time, Mr. F also enlisted three of his parent
volunteers to work with the students during the field trip.
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Day 1: Getting Ready for a Field Trip
The day before their field trip, Mr. F asked students what plants and animals they think they
might see near the school and in the park. Since many of the students were very interested
in nature, the class came up with a list of 10 different animals they had previously seen on
campus; five birds and 10 plants they observed in the park; and several of the plants and
animals that they were familiar with from visits to a local nature center. He divided the students
into groups of four and asked them to choose one plant and one animal from the class list that
they wanted to discuss as a group. Mr. F instructed them to write in their science notebooks
the name of their chosen plant on one page and their animal on another page. Students then
made a list of at least three external structures for each of their organisms. Mr. F’s students
were familiar with the idea of external structures from grade one (1-LS1-1), but most used the
term external parts. Mr. F introduced the term structure and related the word to other uses in
English. One member of each group went to the board and wrote the names of their group’s
plant and animal, and the external structures they identified. When all of the groups had
shared their organisms and external structures on the board, Mr. F sent students on a “gallery
walk” around the room during which they added suggestions to other teams’ lists using a
different color pen. When the lists had been completed, Mr. F asked the class, “What patterns
[CCC-1] do you see in the types of external structures among the different animals?” and
“What patterns do you see among the different plants?” Students recorded additional ideas
about the external structures in their science notebooks. This process provided the students
with lists of external structures they could look for during their outside exploration.
Mr. F reminded students that they were going on an off-campus field trip the next day and
that they should bring along shoes that could get dirty or muddy.
Day 2: Observing External Structures in Nature
Investigative phenomenon: Different animals and plants live in different sections of
their neighborhood.

On the day of their field trip, Mr. F briefly reminded the students how they need to behave
while they are walking around the neighborhood: stay with the adults working with their
groups; move and speak quietly so that they do not disturb the animals they are trying to
observe; avoid littering; etc. He then explained the information they were going to collect
during the investigation [SEP 3] , including observations of the plants and animals that live
nearby—paying close attention to their external structures, such as beaks, wings, leaves, etc.
Mr. F reminded students that as they were making their observations, they should pay special
attention to the external structures of the organisms, making notes in their science notebooks.
Mr. F told students to put on their outside shoes and take along their pencils and science
notebooks. An art teacher and/or a teacher or community volunteer with artistic expertise
joined the class when they were ready to head out for their neighborhood exploration.
Students started with a 20-minute investigation of the schoolyard and a small park in the
neighborhood. They observed some birds flying by, and he asked them to identify some of the
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external features of the birds, wings, beaks, and eyes. The students saw a squirrel running
across the grass, so Mr. F asked them to identify some of the interesting features of the
squirrel: long tail, big eyes, claws, and large ears. They had noticed the squirrel climbing up
a big oak tree, so he asked them to identify some of the tree’s external features: trunk, bark,
branches, leaves, roots, and acorns.
When they return to the classroom, the class quickly compiled a list of the names of the
plants and animals they observed during their field trip.
Day 3: Structures for Survival
Investigative phenomenon: Students only observed a few animals on their nature
walk.

Mr. F had students return to their small groups and called their attention to the list of
plants and animals they observed the previous day. Students were surprised at how they only
observed a few of the animals they listed in their science notebooks on day 1. Some students
suggested it might have been too hot during the field trip for the animals to be out. Others
proposed that their original lists were different because they were visiting the area during a
different season. Yet others said that the differences were a result of the drought in their area
over the past year ( stability and change [CCC-7] ). A few mentioned that they thought that
recent construction activities in the area disturbed the plants and animals (EP&C II).
Investigative phenomenon: Different plants and animals have different external
structures and also different behaviors.

Mr. F asked groups to select a plant and an animal that they observed during the field trip,
explaining that they must choose organisms different from those they had previously written
about in their science notebooks. Following what they did on day 1, students wrote the name
of their chosen plant on one page of their science notebook and their animal on another page.
Below the organisms’ names, students drew simple pictorial models [SEP-2] of each organism,
including the external structures with labels. Mr. F mentioned that as they made these drawings
they should think about how each of the structures may be helping the plant or animal survive.
Mr. F put a sample chart on the board which students copied in their science notebooks,
making as many rows as there were student groups. To initiate the class discussion, he asked one
group to name its organism and identify some of the external structures the group observed.
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Name of Plant
or Animal

External Structures
Observed

Gray squirrel

Claws

(add more rows as needed)

blank

blank

blank

blank

blank

blank

Mr. F deepened the discussion by having students explore the importance of
these structures and functions [CCC-6] by giving them two written prompts: Describe
how the plants and animals use the external structures you observed. and Explain how the
structures aid the plants and animals in survival. They added labels to the blank columns of
their charts for each of these prompts.
Name of Plant
or Animal

External Structures
Observed

Use of the External
Structures

How the Structures
Aid in Survival

Gray squirrel

Claws

Climbing trees and
gathering acorns

Escaping predators
and supplying the
food they need to
survive

After all groups responded in their science notebooks, Mr. F had each group approach
the board and enter its information in the chart. As one group entered its information, the
group described and explained its claims about the survival value of the external structures
they identified. Mr. F asked, “What do others think about this claim? Is there anything that
you would like to add or change?” As others contributed, some of the groups made additional
notes in the chart, modifying their claims or adding other evidence. All students recorded
information from the final chart in their science notebooks.
Day 4: External Structures in Changing California Habitats
Investigative phenomenon: Different plants and animals grow in different parts of
California.

In an effort to help students discover the natural diversity of habitats, plants, and animals
in California, Mr. F called their attention to a habitats wall map (http://www.cde.ca.gov/ci/sc/
cf/ch4.asp#link8). He also saw this as an opportunity for integration between standards in
science and History–Social Science (3.1.1) where they learned about geographical features in
their local region including deserts, mountains, valleys, hills, coastal areas, oceans, and lakes.
After looking closely at the map, students shared their observations mentioning that there are
many different habitats in California: several students said that they have never visited the
desert or the mountains; others mentioned that they have never seen the coast or ocean.
Mr. F prompted the students to discuss the plants and animals that live in each of California’s
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habitats (the poster has pictures of the plants and animals grouped with each habitat). Several
of the students expressed great interest in learning about the different habitats, so Mr. F
mentioned that he had included the book California’s Natural Regions (http://www.cde.ca.gov/
ci/sc/cf/ch4.asp#link9) in the class backpack of “habitat tools”—students get one week to take
the backpack home and engage in the activities in the backpack with their family.
Mr. F pointed out their local region and, using the map and their local knowledge, asked
students to write the names of some plants and animals that live near their community. He
then prompted them by asking, “Do you think that the plants and animals that live in other
habitats will have different external structures than the organisms that live near them?” Several
students raised their hands rapidly to point out that the external structures of the organisms
that live in coastal and marine ecosystems will be very different; many will have fins, gills,
large tails for swimming, and tentacles for gathering food and moving. Mr. F encouraged
students to identify different external structures they might see in freshwater and streams.
Investigative phenomenon: The Merriam’s kangaroo rat has specific external
structures.

Mr. F distributed copies of a photograph of a common animal in California’s deserts, the
Merriam’s kangaroo rat (see Structures for Survival in a Healthy Ecosystem at http://www.cde.
ca.gov/ci/sc/cf/ch4.asp#link10). He asked them to use the blank spaces to label the animal’s
major external structures including its eyes, nose, feet, tail, and cheeks. Turning over the
paper, students responded to each of the writing prompts by explaining how the structures
help kangaroo rats grow, reproduce, and survive. Several of the students were surprised that
there was an arrow pointing to the animal’s cheek and asked Mr. F why. He told them that
kangaroo rats use cheek pouches to store seeds collected from the desert floor until the rats
can bury the seeds near their burrows. He asked students to share their arguments about the
function of one of the kangaroo rat’s external structures. The class worked together to decide
the top three arguments for the function and role in survival of each of the kangaroo rat’s
external structures.
Day 5: Survival in Changing Habitats
Investigative phenomenon: Different plants and animals have different external
structures and also different behaviors. (Students return to this phenomenon from day 3.)

As a formative evaluation activity, Mr. F asked students to analyze and interpret [SEP-4]
their data from day 4 as the basis for developing pictorial models [SEP-2] which would help
them identify interconnections and cause and effect [CCC-2] relationships between the external
structures of animals and plants, and their survival. Their initial models (figure 4.13) identified
the plant or animal, their major external features, and the role of each structure in survival.
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Mr. F explained that they would be making arguments supported by observational evidence
[SEP-7] regarding the role of external structures in the survival of organisms in different

habitats. He reminded students that their arguments must include evidence they gathered
in support of their point of view and include their reasoning to support the structure’s role
in survival, growth, behavior, and/or reproduction. They posted their models around the class
and used the evidence summarized in their models to make an evidence-based argument for
the importance of the external structures they investigated to their organism’s survival. Mr. F
asked other students if they could add any more information or suggestions that would allow
each presenter to strengthen their evidence or argument. Students then had the opportunity to
adjust their models to clarify the interactions among the components of the model.
Figure 4.13. Initial Survival Model

Body parts

Way of living

Habitat

Survival

Students use the phrases “body parts” and “way of living” to describe structure and function
[CCC-6] relationships (LS1.A). The two arrows in grey indicate that organisms function well in
a specific habitat (LS4.C). Resources in the habitat and the organism’s abilities and behaviors
allow it to survive. Diagram by G. Lieberman and M. d’Alessio.
Mr. F asked the students to recall their many conversations about how human activities can
influence the environment (EP&C II). Which components and interactions in the model can
humans affect? Students agreed that people have the most influence on habitats (figure 4.14).
Figure 4.14. Survival Model Highlighting Human Influence
Body parts

Way of living

Habitat

Humans

Survival ??

Students identify how humans affect [CCC-2] habitats such that their existing way of living is
changed. This puts survival into question (LS2.C, LS4.D). Diagram by G. Lieberman and M. d’Alessio.

282

Chapter 4

2016 California Science Framework

Grade Four

GRADE FOUR VIGNETTE 4.2: STRUCTURES FOR SURVIVAL IN A HEALTHY ECOSYSTEM
Mr. F asked students, “How might human activities that damage a habitat affect your
plant’s or animal’s survival, growth, behavior, and/or reproduction.” They used their models to
develop a claim about the effects of habitat loss on their organism’s survival.

Vignette Debrief
The major theme of these lessons was the interplay between the external structures
and functions [CCC-6] of plants and animals, their habitats, and their role in survival

growth, and reproduction. Notice how the investigative phenomena were all very similar to
one another as Mr. F revisited several related examples. In fact, these phenomena are very
similar to snapshot 3.1 from kindergarten (“Rivers have a wide variety of plants and animals
that live near them”) and snapshot 4.4 from grade 3 (“Some places on the school yard have
lots of plants and animals while other places have fewer”). In earlier grades, they focused
on describing patterns [CCC-1] in diversity, and this is the first time they really included
these causes [CCC-2] in their rudimentary models. Students will revisit this same observation
over and over again in the middle grades and high school, and each time they will be able
to explain [SEP-6] the observed diversity with a deeper understanding of the causes and
mechanisms [CCC-2] .
SEPs. Students had an opportunity to undertake a field investigation [SEP-3] where
they could observe local plants and animals in their natural environment. Students
created pictorial models [SEP-2] that represented the results of their investigations by
identifying the plants or animals they had chosen. Their models showed the interconnections
between major external features of their organisms, the role of each structure in survival, and
the relationships between the external features and the ecosystem where each organism lives.
DCIs. Students mastered the fundamental connections illustrated in figures 4.13 and 4.14,
including how organisms’ structures help them to survive (LS1.A), how different organisms
survive in different habitats (LS4.C), and how humans influence habitats and can jeopardize
survival (LS2.C, LS4.D).
CCCs. On day 2, students observed structures. On day 3, they linked these structures
to specific functions [CCC-6] within a habitat. At the elementary level, students focused on
structures that they could directly observe. They identified patterns [CCC-1] where certain
structures recurred in specific habitats, but they didn’t yet examine what caused these
patterns. (An ideal student might say, “Lots of plants in deserts have sharp spines. Spines
must help the plants survive in that habitat. I wonder how they all got spines.”) In the middle
grades, they will expand their understanding to microscopic structure/function relationships
as well as look at how natural selection explains structure/function relationships in terms
of cause and effect [CCC-2] .
EP&Cs. Students delved into the question of how environmental changes caused by
humans might affect the usefulness of the external structures and their organism’s survival
(EP&C II).
CA CCSS Connections to English Language Arts and Mathematics. These lessons offer
several opportunities for teachers to make interdisciplinary connections. In
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preparation for their field investigation, students worked with an art teacher to strengthen
their skills in drawing local plants and animals, as well as their external structures so they
could communicate their findings [SEP-8] .
On day 1, the students brainstormed about the plants and animals they might see during
their field trip. They then held a class discussion about the types of external structures they
might see among the plants and animals in their local community, preparing them for what
they would be observing during their field trip.
On day 2, with assistance from the art teacher and parent volunteers, Mr. F gave students
an opportunity to participate in a field trip so that they could observe plants and animals in
their local settings. They made notes in their science notebooks, gathering evidence they
would use through all the remaining lessons.
On day 3, students began to summarize their data in both drawings and charts (SL.4.5)
when they identified a plant or animal and described the use of the external structures.
They then considered where their organism lived and described their initial thoughts about
how each external structure aided the plant or animal in survival. The groups described and
explained their claims supported by observational evidence [SEP-7] about the survival value
of the external structures and engaged in discourse with other students to gain their advice
and additional ideas.
Day 4 expanded students’ knowledge about the natural diversity of habitats, plants, and
animals in California. Using a natural habitats map, students identified California’s major
ecosystems and the plants and animals that lived in each. They investigated [SEP-3] the
organisms and compared the external structures of plants and animals in different habitats.
Using writing prompts, Mr. F asked students to share their arguments about the function of a
kangaroo rat’s external structures.
On day 5 students develop a pictorial model [SEP-2] that identified interconnections
and cause and effect [CCC-2] relationships between external structures and the survival of
plants and animals. They shared their models and then tested the effects of human-caused
changes to habitats on the survival of the organisms they were studying. As a formative
assessment, students engaged in argument using evidence [SEP-7] making a case about the
effects of human-caused habitat damage on the survival of the plants and animals that live
there (W.4.1).
Vignette prepared by the State Education and Environmental Roundtable.
Resources:
California Education and the Environment Initiative. 2013. California’s Natural Regions.
Sacramento: Office of Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch4.
asp#link11.
———. 2013. Habitats Map. Sacramento: Office of Education and the Environment. http://
www.cde.ca.gov/ci/sc/cf/ch4.asp#link12.
———. 2013. Structures for Survival in a Healthy Ecosystem. Sacramento: Office of Education
and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link13.
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Structure and Function in Vision
According to the evidence statement for 4-LS1-1, students should be able to make
a claim about a single structures/function relationship, emphasizing the relationship
between external structures and the internal systems related to them. This section uses
the phenomenon of animal vision because it connects to other performance expectations
at this grade level to create an integrated theme within the instructional segment. Students
observe pictures of different animal heads and eyes (figure 4.15). How many eyes does
the animal have? How big are they? Where on the head are they located? Many spiders
and insects have multiple eyes, but every big animal (vertebrate) that they look at has two
eyes. The eyes differ in size, color, shape, and where they are located on the animal’s head,
but there are always two. This commonality is related in large part to common evolutionary
history, but the differences have big effects on what and how animals see.
Figure 4.15. Animal Eyes

Sources: David~O 2008; Cattoir 2011; Haen 2012; Hume 2009; Art G. 2007; Haggblom 2013

Students need to develop a model [SEP-2] of how these different eye structures allow
different functions [CCC-6] . Students can begin by using a camera as a physical model.

When students point a camera in a particular direction, there are objects that appear in the
frame and objects that they cannot see. Human and animal eyes have a similar field of view.
Students measure their own personal field of view as an angle by drawing a protractor on the
ground and then having friends try to sneak up from behind, recording the angle at which
they are first detected (CA CCSSM 4.MD.5, 6). Students construct an argument [SEP-7]
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that animals with eyes on the side of their head will survive better because they can see
predators sneaking up on them from more directions. The camera model also demonstrates
another function of eyes. A camera has only one “eye,” making certain optical illusions
possible (figure 4.16). Students explore how their two eyes provide them depth perception
through games and challenges where they operate with only one eye open (such as trying to
catch a falling object or drop a penny into a bucket). Students develop a conceptual model
[SEP-2] of depth perception that describes how both eyes need to see the same object from

slightly different angles. Having two eyes near one another looking in the same direction
helps accomplish this function. Students sort through the pictures of animal eyes along with
information about what they eat and how they live. Students identify the animals they think
might have the best depth perception. What do they have in common? Why would some
animals benefit from better field of view versus better depth perception? Students obtain
information [SEP-8] from an article that describes how animals use vision to survive and

find food. This activity expands on their understanding of the predator-prey relations that
they learned about in kindergarten, (including labeling these relationships with the terms
predator and prey, which may not have been done in kindergarten). Students construct an
argument [SEP-7] that animals with eyes close together will be better predators because

their superior depth perception allows them to see and then capture moving objects such as
prey that is trying to escape. Given information about a fictional animal’s eating and living
habits, students can creatively draw a picture of the animal, including applying their model
[SEP-2] of the relationship between eye position and survival needs.
Figure 4.16. Cameras with One Lens Lack Depth Perception

Source: Lock 2008
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Opportunities for Mathematics Connections
Draw lines of symmetry on different animals’ faces, including humans. Discuss
how the placement, size, and shape of eyes and ears on the head of each animal
facilitate survival for prey species and for predator species in terms of sensing
images and sounds. For example, predator species (cats) usually have eyes that are
closer together for stereoscopic vision, while prey animals (horses) have eyes placed
on the sides of their head to allow for a wider field of vision.
CA CCSSM: 4.G.3; MP. 2, 6

Models of How We See
Some observations of animal eyes can reinforce incorrect preconceptions about how
sight works. A cat moving around in the night appears to have eyes that “glow.” Is that
how cats can see so well in the dark? In grade one, students made an argument that
people require light to see (1-PS4-2). But what is the relationship between light and sight?
Students can draw an initial pictorial model [SEP-2] that explains how they think we see
objects (figure 4.17). To help students reassess their preconceptions, teachers can use
science assessment probes such as “Apple in the Dark” and “Seeing the Light” (Keeley,
Eberle, and Farrin 2005; Keeley 2012). “Apple in the Dark” asks, Would you be able to see
a red apple in a totally dark room? “Seeing the Light” asks students to identify types of
objects and materials that reflect light. Each probe asks students to identify what they know
and to detail their thinking behind their choices. The student feedback from these formative
assessments can help to direct the series of experiments and observations that follow.
Figure 4.17. Possible Student Models of How Light Enables Animals to See Objects

Light comes
from the object

Light comes
from the eye

Light comes
from a light source

The model on the left is incomplete while the model in the center is largely incorrect. The model on
the right shows light leaving a light source and reflecting off the person before it enters the eye.
Diagram by M. d’Alessio
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Collaborative student teams begin to investigate reflection with flashlights and mirrors.
They conduct an investigation [SEP-3] by holding the flashlight at different angles and
drawing diagrams representing their observations showing the trajectory of the light and
indicating the source and the receiver of the light. They observe that light travels in a
straight line away from the source and is then reflected. They investigate what happens
when the light hits different surfaces including shiny surfaces (Mylar, glass, glossy paint)
or objects (glass, crystal, leaves) and nonshiny surfaces (wood, dirt, eraser). Students
performed similar investigations in grade one (1-PS4-3), but now they represent their results
using pictorial models [SEP-2] showing the paths of light rays and using the language
of angles to describe the reflections (4.MD.5). Students also relate the path of light to the
movement of energy [CCC-5] (4-PS3-2). Students can draw a model of how light travels
from the Sun and bounces off mirrors to the central tower of a concentrated solar power
plant (linking back to renewable energy in IS2). Students may need to obtain and evaluate
additional information [SEP-8] from articles and media to deepen their understanding of

how light reflecting from objects and entering the eye allows objects to be seen. Students
can develop posters that communicate their different models and explanations about vision.
By conducting a gallery walk around all the posters, individuals can review and respond
to the models developed by other students. Students can then apply their models to the
original formative assessment probes about seeing in the dark (we cannot see without a
light source) and what materials reflect light (all materials reflect some light or we would
not be able to see them at all, but some materials reflect more light than others). They can
gather additional information about why cats’ eyes appear to glow (cat eyes have a unique
internal structure like a curved mirror at the back of their eyes that causes light to reflect
off the inside of their large eyes towards the eyes of a human observer). Students should
then be able to support the claim [SEP-7] that one reason a cat can see well at night
is because its eyes are large and therefore capture more of the light reflecting off of the
objects they are viewing.
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Sample Integration of Science and ELD Standards
in the Classroom
Students notice that a car light shining on an animal at night reveals the animal’s
glowing eyes. To explain this phenomenon, students observe the structure and
function of the human eye, and compare it to those of other organisms (4-LS1-1,
4-PS4-2). They create tables with brief descriptions that characterize the placement
of each organism’s eyes and the rationale for such placement (e.g., eyes located on
the sides of their heads allow animals to see in front, to their sides, and behind them,
helping them to be aware of predators).
CA ELD Standards: ELD.PI.4.10
Source: Lagunoff et al. 2015, 264–265

Internal Body Systems for Processing Information
Animals and plants have specialized structures that allow them to sense their environment.
Animals collect information about environmental conditions (movement, temperature, color,
sound) from the signals they receive through internal and external structures [CCC-6] or
sense receptors (eyes, skin, ears, hairs, tongue, antennae). This information moves from
the sensory receptors into the brain, where it is processed and used to guide the animal’s
actions, increasing its chances of survival. Every animal’s brain is continuously receiving and
responding to this sensory input from the environment.
Many of these sensory responses seem automatic. When a person suddenly pulls away
from a hot object, what happens inside them to make this happen? Students record an
initial model of what they think happens and then explore their own reactions to sensory
input by experiencing hot or cold objects, the smell of perfume, or a special taste-testing
paper called PTC. Students describe the sequence of events they observe in themselves and
in other organisms. With the aid of informational media, they refine their model [SEP-2] of
the systems that allow animals to sense and respond to their environment.
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Grade Four Snapshot 4.5: Investigating Termite
Sensory Systems
Anchoring phenomenon: Termites and other insects share many external body parts
in common with one another.

Mr. S eagerly opened class with a question to activate his students’ prior
knowledge. He asked, “Have you ever seen termites before?” Anthony responds,
“Last spring my parents had to call the termite people to clean the house. I
didn’t know we had termites. The whole house was covered in plastic for days.”
Mr. S responded, “Yes, termites sometimes make their homes in wooden houses. While it’s
a good place for the termites, it can weaken the house.” He asked students what termites
look like and some described them as “ants with wings” while others said they have seen
termites without wings crawling out of rotting wood. He then asked, “What kind of animal is a
termite?” Many students knew that termites are insects, so Mr. S asked them to draw as many
pictures of insects as they could from their memory with as much detail as possible. Grouping
students together in their usual teams with designated roles (facilitator, reporter, materials
manager, and recorder), he asked students to compare their drawings and look for patterns in
insect external structures [CCC-6] . “What body parts do insects have in common?” Students
identified six legs, segmented bodies, wings, eyes, and antennae as common, though not
universal, features of insect bodies. Mr. S asked, “Which of these body parts do you think a
termite uses to sense its environment?” After some discussion, Mr. S told students that they
would try to figure that out, and he pulled out a tray with several small containers. Something
was moving in those containers!
Mr. S opened one container and projected a few termites on the screen with his document
camera. He demonstrated how to be gentle with the termites and invited students to ask
questions [SEP-1] about them, though he only answered background questions about them
and deflected all questions that they might be able to investigate on their own. Then he said,
“I am going to give each group a container with a few termites. Please, be gentle with them
as I showed you earlier.” The materials manager from each group quickly came to pick up a
small container of termites, a pen, and a piece of paper.2 He directed the recorder to draw
a simple squiggle line on a piece of paper. The team facilitator then carefully poured the
termites onto the paper while the remaining two students had small paintbrushes in hand to
gently keep the termites on the paper. To the amazement of the students, the termites began
to follow the pen design! Students recorded their observations and questions in their science
notebooks.

2. If the teacher and/or school has concerns about students using live termites, the lesson can be adapted so only the teacher is
responsible for handling the termites.
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Grade Four Snapshot 4.5: Investigating Termite
Sensory Systems
Investigative phenomenon: Termites follow a line drawn by a pen.
After several minutes of observations, groups generated a list of questions about
what caused [CCC-2] the termites to follow the pen mark. Each reporter for the group shared
in a whole-class discussion the list of questions and possible ideas that explained what caused
[CCC-2] the termites to follow the pen mark: “We think the cause may be that termites follow
a specific color, so I wonder if changing the color would make a difference in behavior.” “Team
four thinks the brand of pen determines the cause for the termites to follow the lines.” “Can
the termites follow different angle turns?” Other thoughts included placement of termites on
the paper, the width of the pen, the odor of the pen, the texture that the pen made on the
paper. Mr. S asked students to link each possible idea with a different sense organ on the
termite and the structures [CCC-6] on the termite’s body.
Investigative phenomenon: Termites follow lines drawn by some pens in certain
shapes but not others.

Each team chose one variable or cause to test and examined and reported the result
(effect) to the class. Mr. S helped each team create a table to record the data for its
investigation; the table included the variable or cause the team was testing and the number
of termites that followed the line drawn. They also recorded observations in their science
notebooks. After careful investigation [SEP-3] and data recording, the groups carefully
placed the termites back into their containers and prepared to share their experimental results
with the rest of the class. Students found that termites followed the lines drawn by certain
brands of pens. Ballpoint pens caused the most termites to follow the lines, and it did not
matter if the design was curved or straight.
Color of
writing implement

Trial 1-Curved Line
# of termites following line

Trial 2-Curved Line
# of termites following line

Blue sharpie
Blue pencil
Blue ballpoint
Blue gel pen
Mr. S. asked students to explain in their notebooks how they think the termites were
processing the sensory information that allowed them to follow the trail. They were to
include evidence [SEP-7] from their investigations [SEP-3] and describe a cause and
effect [CCC-2] relationship. For several minutes the groups shared ideas and drawings.
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Grade Four Snapshot 4.5: Investigating Termite
Sensory Systems
Next, he provided students with background reading about how worker termites
communicate with special chemicals called pheromones. Students obtained information
[SEP-8] about how termites lay down these pheromones to communicate location of food or
nesting locations. Termites’ antennae are able to sense these pheromones and process this
information in their brains, enabling them to travel to specific locations. Mr. S asked students
to draw a concept map relating the ink in the pens to the termites’ brains. These pictorial
models [SEP-2] included components representing the termites’ antennae, brains, and legs;
the ink; and the connections between each of these concepts (4-LS1-2).
Mr. S asked students to review their concept maps and think about environmental changes
they could make that would disrupt the movements of the termites. Several of the groups
mentioned that using their finger to spread the ink might confuse the termites; others
suggested that drawing many more lines of ink on the paper could also confuse them since
they would not know which path to follow. Mr. S then related this mini activity on paper to
human activities that change the environment in ways that disrupt the senses of the animals
that live there, decreasing their chances for survival and reproduction (EP&C II). He asked the
students to share ideas about how loud noises in a forest might affect songbirds. The groups
developed and discussed their ideas, which they then shared with the class. Some of their
ideas included the following: loud noises make it so that the birds could not hear each other’s
songs, and loud noises scare birds away from the area.

Advanced Information Processing
Sensory input also provides the basis for much more systematic communication. Humans
use sound and sight to encode messages in language and music. Our ear receives the sound
and our brain decodes it. We are not unique—many animals use sound to communicate
with one another to warn of predators, to attract mates, to defend their territory, and more.
Animal brains, like human ones, must learn to decode complicated messages in sound and
sight.
Students used cameras as a model for vision because many probably have experience
with how technology used in cameras collects and stores images. The digital screen itself
is a light source that sends different colors of light directly to the eyes. But how does the
device store the picture inside or transmit it across the world? Most of these devices use
digitized signals (i.e., information encoded as series of 0s and 1s) as a reliable way to
store and transmit information. Students can simulate the information-encoding process
by developing their own Morse-code system to digitize short words and transmit them to
another group of students using a flashlight or a drum.
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Students could even develop a system to send an image across the room. They would
start by drawing simple shapes on paper with grids and then convert that image into a
digitized one by darkening only the squares that contain part of the original image (figure
4.18). Students can then agree upon a system for transmitting and communicating whether
or not a square is filled or empty. The digitized image is rougher and “more edgy” than the
original, but it is also easier for friends across the room to perfectly reproduce the exact
same image. Students also recognize that if they use smaller squares, they can send a
more detailed image, but it will also take longer to transmit. This activity is also a surprising
manifestation of the CCC of structure and function [CCC-6] in engineering where the
structured pattern of signals helps convey a message.
Figure 4.18. Practice Sample of Recreating Digitized Images

Diagram by M. d’Alessio

Engineering Connection: Use Patterns to
Communicate Information
Students can generate and compare multiple solutions that use patterns [CCC 1]
to communicate information (4-PS4-3). For example, students can participate in a
message-sending contest where each team must divide in two and send a message
from one part of the team to the other part of the team around the corner of the
building. An added challenge is that the message should not be recognized by any
other team. Teachers remind students that they are going to use the engineering
design cycle of defining the problem; identifying constraints; brainstorming to generate
and compare multiple solutions that use patterns to transfer information; develop a
prototype; test and refine. Teachers give them a variety of sound or light producing
devices and materials to work with (e.g., mirrors). They then work in groups to
develop solutions [SEP-6] for the problem and share their results with the class.
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Opportunities for Mathematics Connections
Students encode messages using mathematical patterns as background knowledge,
then relate these encoded messages to patterns in mathematics.
CA CCSSM: 4.OA.5, MP. 2, 4, 5

Sample Integration of Science and ELD Standards
in the Classroom
When students are observing and explaining the phenomenon of energy
transformations, they might begin by categorizing the varying forms of energy
(light, sound, heat, electric current, mechanical, and chemical) and creating a list of
existing examples for each, accessing experiential knowledge and language reservoirs
(4-PS3-2). Ultimately, to emphasize energy transference from one place to another
for the purposes of communication, students work in small groups to first construct a
pictorial chart with the different forms of energy and then prepare a written report to
generate, analyze, interpret, and describe multiple solutions that use patterns to transfer
information (e.g., coded information through sound of drumming, Morse code, binary
number encoding such as DVD and pricing tags, or simplified computer programming
software/gaming) (4-PS4-3). The teacher leads students through analyzing a model
for the written report, including examining key language features used in analysis and
description. To support students at the Emerging and early Expanding level of English
proficiency, the teacher pulls a small group and leads the students through jointly
constructing the report, concentrating on the science content and vocabulary as well as
the key language features studied in the model text.
CA ELD Standards: ELD.PI.4.10
Source: Lagunoff et al. 2015, 264–265

Grade Five
As the culminating grade in elementary school, the entire year draws upon patterns
and understandings developed in prior grades. Students look at phenomena from
previous grades from the central theme of the exchange of energy and matter [CCC-5]
within systems [CCC-4] . Table 4.4 shows a possible example of how instruction can be
divided into instructional segments during grade five. The year progresses through systems
of different scales [CCC-3] from tangible systems with chemicals in plastic zip bags in IS1
up to the scale of ecosystems in IS2 and then to the interacting subsystems of the entire
planet in IS3. IS4 continues along this progression in terms of scale, but instead of tracking
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the flow of energy or matter within a system, it focuses on the input of energy into the
Earth system from the Sun and other stars in the sky.
The entire year has an emphasis on developing and applying models [SEP-2] . In this
framework, chapter 9 on assessment presents several strategies for formative assessment
of students’ models of systems. Using pictorial models like concept mapping allows students
to represent their mental models and be very explicit about how the different components in
the system interact and exchange energy and matter.
Table 4.4. Overview of Instructional Segments for Grade Five

1

What is Matter Made of?
Students observe different materials and describe their
differences. They investigate how materials change when they
mix together. They learn to recognize chemical reactions and
develop a model of matter being made of particles. These
particles move and their arrangement changes, but their mass
always stays the same.

2

From Matter to Organisms
Students make models that trace the flow of energy and
matter in ecosystems. They investigate the needs of plants
and gather evidence that all organisms produce waste. They
explain how animals depend upon one another as components
in an interconnected system.

3

Interacting Earth Systems
Students make models of the flow of energy and matter
at the scale of the entire planet, and obtain information about
a few example phenomena. They describe these phenomena
in terms of interactions between different systems within the
broader Earth system. They use their models to understand
how humans impact these systems and develop solutions to
minimize these effects.

4

Patterns in the Night Sky
Students ask questions and wonder about the night sky.
They investigate the force of gravity and then analyze data
to identify patterns related to Earth’s motion. They gather
evidence and make models showing that the brightness of a
star depends on its distance from Earth.

Source: Mesaros 2014; Owen-Wahl 2006; adapted from Schweihofer 2014; Deutsch 2012
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Grade Five Instructional Segment 1: What is Matter Made of?
Grade five students delve into the most abstract scientific concept they have yet
confronted, developing and refining a model [SEP-2] that describes matter as
being made up of particles that are too small to see. By investigating a series of phenomena
that emphasize the properties of materials and the conservation of matter [CCC-5] (the
idea that material is not created or destroyed but just moves around within a system), students recognize that a model with matter as particles can explain many of the features they
observe. This instructional segment has three main sections that progress from the observable down to the abstract: (1) describing materials; (2) mixing and changing materials; and
(3) developing and applying a model of materials.

GRADE FIVE INSTRUCTIONAL SEGMENT 1: WHAT IS MATTER MADE OF?
Guiding Questions
• What causes different materials to have different properties?
• How do materials change when they dissolve, evaporate, melt, or mix together?
• What are the differences between solids, liquids, and gases?
Performance Expectations
Students who demonstrate understanding can do the following:
5-PS1-1. Develop a model to describe that matter is made of particles too small to be seen.
[Clarification Statement: Examples of evidence supporting a model could include adding air to
expand a basketball, compressing air in a syringe, dissolving sugar in water, and evaporating
salt water.] [Assessment Boundary: Assessment does not include the atomic-scale mechanism
of evaporation and condensation or defining the unseen particles.]
5-PS1-2. Measure and graph quantities to provide evidence that regardless of the type of
change that occurs when heating, cooling, or mixing substances, the total weight of matter
is conserved. [Clarification Statement: Examples of reactions or changes could include
phase changes, dissolving, and mixing that forms new substances.] [Assessment Boundary:
Assessment does not include distinguishing mass and weight.]
5-PS1-3. Make observations and measurements to identify materials based on their properties.
[Clarification Statement: Examples of materials to be identified could include baking soda
and other powders, metals, minerals, and liquids. Examples of properties could include color,
hardness, reflectivity, electrical conductivity, thermal conductivity, response to magnetic forces,
and solubility; density is not intended as an identifiable property.] [Assessment Boundary:
Assessment does not include density or distinguishing mass and weight.]
5-PS1-4. Conduct an investigation to determine whether the mixing of two or more
substances results in new substances. [Clarification Statement: Examples of combinations
that do not produce new substances could include sand and water. Examples of
combinations that do produce new substances could include baking soda and
vinegar or milk and vinegar (CA).]

296

Chapter 4

2016 California Science Framework

Grade Five

GRADE FIVE INSTRUCTIONAL SEGMENT 1: WHAT IS MATTER MADE OF?
3–5-ETS1-3. Plan and carry out fair tests in which variables are controlled and failure points
are considered to identify aspects of a model or prototype that can be improved. [Clarification
Statement: Examples of models could include diagrams, and flow charts.]
California clarification statements that are bolded and followed by CA were incorporated by
the California Science Expert Review Panel.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS1.A: Structure and
Properties of Matter

[CCC-1] Patterns

[SEP-2] Developing and Using
Models

PS1.B: Chemical
Reactions

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-3] Planning and Carrying Out
Investigations

[CCC-3] Scale, Proportion,
and Quantity

[SEP-4] Analyzing and Interpreting
Data

[CCC-4] Systems and
System Models

[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument from
Evidence
[SEP-8] Obtaining, Evaluating, and
Communicating Information
Highlighted California Environmental Principles and Concepts:
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: 5.MD.3a, b; 5.MD.4
CA CCSS for ELA/Literacy Connections: SL.5.1, 4, 5
CA ELD Standards Connections: ELD.PI.5.1, 6
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Engineering Connection: Selecting Appropriate
Materials
Every material has specific properties. When students need to select the appropriate
materials for an engineering challenge, their attention is drawn to these differences.
This instructional segment can begin by providing students different materials
and giving them the challenge to construct a tall tower that can bear a heavy
mass. Which materials are best suited to the task? Students can devise techniques
for measuring or quantifying many of these properties. How can students combine
materials or modify their structure so that they work better? They can increase the
strength of paper by rolling it into tubes, index cards by gluing them together with glue
sticks, or spaghetti strands by taping several together. Testing the structures using a
consistent procedure allows students to identify the specific mechanism of failure such
as crushing and buckling, stretching and tearing (3–5-ETS1-3). Do different materials
fail in different ways?

From everyday experience, students can recognize and name a wide variety of materials
without even thinking about how they do it. Teachers need to make the implicit knowledge
explicit, asking students how they know that one material is wood while another is stainless
steel or aluminum. What properties can be used to describe a substance, classify it, and differentiate it from others? The most visible property, color, has only limited use because it can
be changed with a thin layer of paint over a solid or drop of food coloring in a liquid. Instead,
students learn to ask more detailed questions about materials. Students apply and expand
the vocabulary they learned in grade two to describe material properties (2-PS1-1), but now
they are ready to be more quantitative about their descriptions, making measurements of
certain properties and using them to distinguish between materials (5-PS1-3). Making precise
measurements can be motivated by the constraints considered when defining engineering
problems [SEP-1] . For example, if we need to design a spoon that will not heat up more

than 10 degrees when placed in boiling water, which material works best? Students can measure the heat conduction properties of several materials using a consistent test. Students can
measure the melting temperature of different materials such as wax, chocolate, and ice to
decide which material would make the best decorative sculpture for a summer birthday party.
Students can measure the strength of different materials to determine which one to use to
support a bridge that will bend without breaking when a toy car drives across it. Students
can identify “mystery” powders based upon how much of each powder they can dissolve in a
cup of water or how the powder reacts with various other ingredients.
To motivate the next section about physical and chemical changes to materials, students
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can think about all the properties that change when they mix materials to bake a cake
(which can be done in class if permitted by school rules). Students can explain their thinking
about the formative assessment probe: When you bake a cake, does the finished cake
weigh more or less than the batter that you put in the oven? Does the batter weigh the
same as all the raw ingredients separately? Many students explain that the cake dries out
so it weighs less, but some may argue that it puffs up and so it weighs more. The question
motivates a series of investigations [SEP-3] exploring how the mass of a material changes
(or does not) under different conditions. Students can make qualitative comparisons using
simple mechanical balances with cups or platforms on either side or make more precise
measurements using calibrated triple-beam or digital balances. Students can work with
the term mass rather than weight at this grade (the terms are used interchangeably in this
instructional segment). Students can measure the mass of an object and then heat or cool it
to see if its mass changes. Some materials get hot enough that they melt. Does melting or
freezing change the mass of material?
When collecting real data, there is always the possibility that real-world factors will
interfere with the intent of an investigation. In this case, precise measurements by scientists
reveal no difference as a material is heated or cooled, melted or frozen—a given amount
of material always has the same mass. If students use precise digital balances, they may
observe small differences between their measurements that represent measurement errors
or the effects of condensation and evaporation. Before making measurements, teachers
will need to set up the comparison by having students make repeated measurements of
the same object to establish how big a change needs to be observed before they can be
confident that the change is real and not just the imprecision of the balance they are using.
Similarly, they can emphasize the very large differences in properties between solids and
liquids. Does the mass change as dramatically as the properties? Having students predict
the magnitude [CCC-3] of differences ahead of time using this information gives them
better context for interpreting their data [SEP-4] .
Next, students explore what happens when they mix substances together. How does
mixing affect the properties and mass of the materials? Teachers give students substances
to mix, some of which undergo chemical reactions and others that simply form mixtures.
Students mix different combinations of mystery powders (such as baking soda, washing
soda, flour, powdered lemonade, calcium chloride, corn starch, and Epsom salts) and liquids
(water, vinegar, lemon juice, tincture of iodine, some mixed in with the juice from purple
cabbage, which changes color as the pH changes) together in plastic zip bags and observe
what happens (Sibenaller 2013). Some mixtures cause dramatic, unusual changes and
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reactions, while others are uneventful. Students should use their observations from before,
during, and after mixing to support an argument [SEP-7] that a new substance formed (or
did not form) when the powders and liquids were mixed together (5-PS1-4). They should
notice patterns when certain groups of powders and liquids mix together and patterns in
the types of unusual changes that can occur. Teachers can label these changes with the
term chemical reactions and discuss the meaning of each of the two words. Common signs
of chemical reactions are temperature changes (cold and hot packs), formation of a gas
(effervescent tablet and water), color change (metal rusting), formation of a solid (stalactites
and stalagmites/hard water build up), a change in smell (baking cookies or bread), and/or
emission of light (glow stick). Students should be able to observe all of these (except glowing
light) from their mixtures in the bags and should be able to describe how the properties of
the new substance(s) are different from the properties of the original ingredients.
Clearly there are major changes inside some of the bags, but does the mass change?
Students can measure the mass of the bags before, during, and after each reaction (5-PS12). In theory, the mass does not change even in bags that fizz and puff up with gas.
Students can compare high-quality plastic zip bags with cheaper versions and see that some
bags leak gas more than others (causing the mass to slowly drop as the fizzing progresses).
This observation leads to an important and often unexpected discovery: gas has mass.
Students can confirm this idea by comparing the mass of an empty balloon to the mass of
one blown up with air (hanging the balloons on opposite ends of a meter stick, which can
be used as a balance by hanging the meter stick from a string at its center). They can also
confirm this by placing an empty cup on a balance, mixing chemicals that fizz in the cup,
and watching the mass of the cup decrease as the reaction progresses. If they repeat this
same reaction in a well-sealed bag, they will see that the mass stays constant. Based on
their observations, students should be able to answer the original question about the mass
of a cake and its ingredients—it may weigh less after cooking because some of the mass
might have escaped into the air as a gas. The air in the room, however, would now weigh
more (if you could measure it!).
While students have everyday experience with air as a gas, this is the first time that they
explicitly explore the properties of gases in the California Next Generation Science Standards
(CA NGSS). Students can explore different phenomena to characterize solids, liquids, and
gases with the goal of describing and comparing their properties. How do we interact with
each of the different states of matter (how do they look or feel)? Students investigated
solids and liquids in grade two (2-PS2-1), so grade five emphasizes gases. Students can
feel gases by moving their hand back and forth through the air or constructing windmills or
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parachutes to show how air exerts forces on objects. To probe students’ initial models [SEP2] of what gases are, teachers can have them hold a syringe filled with air and then draw

and label what is inside the syringe (What would the air look like if you could see it under a
microscope? How can you draw it?). Then, they hold their finger on the end of the syringe
to trap the air inside and try to compress the plunger (they can make force diagrams using
arrows like the diagrams in third grade 3-PS2-1). How does the air change? Students’ initial
ideas vary, but they can all be guided to recognize that the amount of air in the syringe does
not change because it cannot escape (figure 4.19). But which of these models is correct?
Figure 4.19. Facsimiles of Students’ Initial Models of Air

Before the plunger is pushed...

After the plunger is pushed...

Illustration by M. d’Alessio

Students correctly identify that the amount of material inside the syringe must be the
same because nothing can escape. Students have different models of how that air looks or
is distributed inside the syringe.
To distinguish between the different models, students can observe dust settling in a
room or smoke from a match after it has been blown out. Video clips of these phenomena
up close (try searching for “Dust, Brownian motion”) reveal something interesting: even as
the overall motion of the particles is a downward drift due to gravity, some of the particles
suddenly move up. Students know from grade three that the only way to make something
move upwards is to push or pull it upwards. What can be pushing the dust? The answer
is that particles of air that are too tiny to see even with a microscope crash into the larger
dust particles and alter their paths. Students then investigate computer simulations of
matter that show a particle model of materials (figure 4.20).
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Figure 4.20. Computer Simulation of Particles of Neon in Three States: Gas, Liquid,
and Solid

Gas

Liquid

Solid

Source: PhET n.d.c.

Students can now return to all the different phenomena they have investigated in this
instructional segment and look at them through the lens of the model. How do solids differ
from liquids or gases? In the gas, there is so much empty space between the particles that we
can often see right through it (which is why air is clear). In a solid, the particles are stacked
in a defined structure and therefore are stronger and resist pushing and deforming more than
liquids. How does the model explain the fact that mass stays the same even when you mix
materials together, warm them up, cool them down, melt, or boil them? Each particle has its
own mass, which does not change as the particles move around. Each of these processes
involves changing the position and speed of the particles, but does not affect their mass.
Students can draw a model of an empty balloon and one filled with air using this model and it
becomes much easier to explain why the full balloon weighs more—there are more particles of
air inside. They can draw a sugar cube dissolving in water by representing the cube as an array
of stacked particles that disperse from one another when they enter the water. Each individual
particle is too small to see, though collections of many particles together are visible. This leads
to a discussion of the word disappear and its prefix (CA CCSS for ELA/Literacy RF.3.3a)—while
particles can disappear (i.e., stop being visible), they do not go away or get destroyed. This
concept of the conservation of matter is fundamental to all science. It also is the foundation
of California’s Environmental Principles and Concepts (EP&C) IV: “The exchange of matter
between natural systems and human societies affects the long-term functioning of both.”
Pollution does not just go away, it ends up in air, water, soil, and in our bodies. Just as students
are able to trace individual particles of sugar as they dissolve in water, scientists can follow
particles of toxic pollution throughout waterways, in the air, and even into the human body.
This instructional segment emphasizes the evidence that builds up to a model and then the
subsequent application of the model to explaining a wide variety of phenomena. Vocabulary
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is not a focus. At this grade level, the term particle is used generically for the scientific terms
atom and molecule because the distinction between them is beyond grade five. Students need
some names for the different types of particles in a mixture or solution (e.g., water particles,
sugar particles, oxygen particles). However, the names of specific elements are introduced
only as needed to describe and discuss their observations about matter-related phenomena,
and the nature of the differences between different elements is not stressed.

GRADE FIVE VIGNETTE 4.3: PANCAKE ENGINEERING
Performance Expectations
Students who demonstrate understanding can do the following:
Students who demonstrate understanding can do the following:
5-PS1-4. Conduct an investigation to determine whether the mixing of two or more
substances results in new substances. [Clarification Statement: Examples of combinations
that do not produce new substances could include sand and water. Examples of
combinations that do produce new substances could include baking soda and
vinegar or milk and vinegar (CA).]
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost.
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet the criteria and constraints of the problem.
3–5-ETS1-3. Plan and carry out fair tests in which variables are controlled and failure points
are considered to identify aspects of a model or prototype that can be improved.
California clarification statements that are bolded and followed by CA were incorporated by
the California Science Expert Review Panel.
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS1.B Chemical Reactions

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-3] Planning and Carrying
Out Investigations
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-8] Obtaining, Evaluating,
and Communicating Information

ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing Possible
Solutions

[CCC-4] Systems and
System Models

ETS1.C: Optimizing the
Design Solution

CA CCSS Math Connections: 5.MD.3, 5.MD.4
CA CCSS for ELA/Literacy Connections: SL.5.1.a-d
CA ELD Standards Connections: ELD.PI.1, 3, 9
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Introduction
What does cooking have to do with engineering? What effects do certain ingredients have
on others? Mixing pancake batter creates a chemical system with interacting components,
and each ingredient plays a different role within the system. This fifth-grade activity merges
scientific understanding of chemical reactions and systems with an engineering design
challenge to make the perfect pancake.
Day 1: Define Criteria
What does a perfect pancake look like?
Students come up with the criteria for their ideal pancake: golden brown, fluffy, and tasty.
Day 2: Plan Solutions
What happens when we mix two materials?
Students investigate what happens when two ingredients are mixed together in order to
understand the behavior of different ingredients. They vary proportions and identify trends.
Finally, students try cooking their pancakes and discover something is missing.
Day 3: Create, Evaluate, and Improve
What is the optimal proportion of ingredients?
Students spend the lesson mixing ingredients, cooking the pancakes, evaluating the
results, and making modifications to achieve their ideal pancake.
Day 4: Communicate Results
What changes did I make?
Students create a summary document explaining what they changed from one trial to the
next. The class then compares recipes from the “best” pancakes to find patterns. Students
then decide on three recipes to try to repeat and see if the results are the same.
Day 1: Defining Criteria
Everyday phenomenon: Pancakes are fluffy, golden brown, and tasty.

Mrs. C always told her students that “engineering is everywhere!” In this activity, students
engineered the “perfect pancake.” Mrs. C assigned six students to read parts from a script
where they played the roles of students waiting for their food at a pancake restaurant.
The characters argued about whether they liked their pancakes fluffy or thin and described
the “secret recipes” used in their houses. Mrs. C showed a diagram of the stages of the
engineering design process and asked students to discuss how different lines from the script
related to stages in the process. In order for Mrs. C’s students to design the perfect pancake,
they needed to define the problem [SEP-1] by specifying the criteria (3–5-ETS1-1). How
would they decide if they had succeeded? The class decided that the pancakes should be
golden brown, fluffy, and tasty. But how would they measure these properties? For golden
brown, the students decided that they could compare their pancake to a color palette that
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shows different shades of brown and agree on a particular shade that they consider “ideal.”
A “fluffy” pancake should rise tall; students decided to measure the pancake height by
sticking a toothpick in the center and seeing how deep it went by holding a ruler next to
it. The last criterion of “tasty” is subjective. Unlike science, which strives to be completely
objective, engineering deals with designing solutions that meet people’s needs and desires.
The engineers that design a car, for example, pay as much attention to the car’s appearance
as they do to its mechanical systems. Even though the criteria were subjective, students still
needed a way to track and record their opinions. They decided to rate the tastiness of the
pancake using a one to five star scale.
Day 2: Planning Solutions
Investigative phenomenon: The properties of batter depend on how much flour,
baking powder, and water are combined.

Students did not get a recipe to follow—they used a design process to eventually
determine an ideal combination of ingredients. As in many design problems, students needed
to gather information about the materials available to them to plan their solution. Mrs. C
provided students whole-wheat flour, oat flour, water, and baking powder. Students chose two
different ingredients to mix together and saw what happened. Baking powder and water fizz,
water and flour turn into thick dough, and baking powder and flour seem unchanged by their
interaction. Different students tested out different relative proportions of the ingredients and
described their results to the class so that they could identify trends or patterns [CCC-1]
(figure 4.21). Mrs. C emphasized that it is important that students measure carefully so that
they can make meaningful comparisons between one recipe and another. To facilitate
comparisons, Mrs. C added the constraint (part of defining the problem [SEP-1] ) that every
pancake must always use exactly one scoop of flour. Students could vary the other
ingredients, but the flour had to remain constant. Students noticed that more baking powder
caused more fizzing and that wheat flour seemed to make thicker mixtures than oat flour
when combined with identical amounts of water. After exploring the interactions, students
observed what happens when different proportions were used. Mrs. C described a pancake
recipe as a chemical system [CCC-4] . The ingredients were components of the system and
the day’s tests characterized different interactions between the components when they were
in simple two-ingredient systems. Students combined these ideas into a model [SEP-2] of
the full system as they adjusted their recipes in the upcoming part of the lesson. Groups of
students used their observations of the simple systems to decide the proportions of each
ingredient to use for their first test pancake. Their discussions were simple arguments
supported by observational evidence [SEP-7] : “I think we should use two parts water to one
part flour because the batter was too thick in the 1:1 mixture.” Mrs. C helped students cook
their one test pancake on the griddle.
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Investigative phenomenon: None of the pancakes turn brown.

Watching the pancakes cook, every group decided its test pancake was a “failure”
because none turned brown! What could be missing from the system? Students measured the
thickness, compared the white pancakes to the color chart, and recorded the results on a data
sheet. Mrs. C told students real engineers get excited when their design fails because it gives
them the opportunity to learn more about the system and to try again.
Figure 4.21. Students Compare Different Batter Recipes

Day 3: Create, Evaluate, and Improve
Investigative phenomenon: What combination of ingredients will produce the
perfect pancake?

Mrs. C wanted students to experience the power of the iterative process of engineering.
Clearly something was missing from their previous pancakes, so Mrs. C offered two additional
ingredients today: pureed bananas (one banana and one-quarter cup water pureed in a
blender) and vanilla extract. Students began the lesson by mixing ingredients using the
knowledge they gained about each ingredient in the prior lesson and adding the new
ingredients. Parent volunteers helped students cook their pancakes and evaluate the results
(there were four cooking stations set up in different corners of the classroom). How fluffy was
it? Was it golden brown? How did it taste? Mrs. C reminded the students to carefully write
down the proportions they used after each attempt so that they could systematically change
ingredients or proportions to get better results. One student added a lot of vanilla (“because it’s
brown”), but his pancake still did not turn brown. Another student used banana puree instead
of water (“I love bananas”) and her pancake was the first to turn a beautiful golden brown.
Soon, students were experimenting with different proportions of banana and water (figure
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4.22). Mrs. C circulated while the pancakes were cooking, asking students to apply their mental
model about the role of each ingredient by asking things such as, Looking at these two
pancakes, which one do you think has more baking powder? Do you think that this pancake
has any banana in it? How can you tell? Wow, that pancake is really thin. What do you think
you could add to improve it? Based on their discoveries and comparisons with peers, students
made modifications to achieve their perfect pancake. Students enjoyed eating their successes!
Figure 4.22. Students Systematically Test Different Recipes

Day 4: Communicating Results
During day 3, students carefully documented their ingredients and results. This day,
Mrs. C asked them to reflect on the sequence of mixtures they used. The students made a
“storyboard” showing the succession of pancakes (figure 4.23). For each frame, the students
described in words how the pancake turned out. Mrs. C asked students to draw arrows
between the frames describing what they changed and why they made that change from one
trial to the next.
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Figure 4.23. Student’s Storyboard Documenting Recipe Refinement

After they finished writing, the students compared all of the recipes and picked the best
three that they wanted to try to repeat as a class (3–5-ETS1-2). During the discussion,
students had to support their choice with evidence [SEP-7] from the recorded results. Mrs.
C cooked the pancakes and one recipe turned out very different than on the previous day.
Students discussed in groups why they think it might have been different and came up with
ideas about mistakes in measuring ingredients and mistakes in recording the results. Mrs.
C emphasized that careful measurements and documentation are essential skills that allow
professional engineers to reproduce their solutions and share them with others.
Mrs. C wanted students to discuss how pancake cooking relates to chemical reactions. She
reminded students that a chemical reaction could change the way substances look, smell, feel,
or taste. She told them that there were at least three key chemical reactions that they could
identify from the ingredient mixing and pancake cooking lessons. She instructed students to
work in groups to fill in a table describing three different chemical reactions and how they
recognize them (table 4.5).
Table 4.5 Chemical Reactions in Pancakes
blank
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Evidence for chemical
reaction

Which ingredients
reacted?

How did you determine which
ingredients reacted?

1

Batter consistency/texture
changes

Flour & Water

Happened when we combined flour
& water alone in Lesson 3 (the
texture change is more dramatic in
wheat flour than oat flour).

2

“Fluffing”: Bubbles form in
batter (and more bubbles form
when temperature goes up).

Baking powder &
Water

Baking powder fizzed when mixed
with water in Lesson 3.

3

“Browning”: Unusual color
change on outside of pancakes.

Banana & ???

Only happened when we added
banana.
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Vignette Debrief
SEPs. Students performed a complete engineering design process that employed a wide
range of SEPs. They began by defining the problem [SEP-1] as they developed criteria for
making the perfect pancake (3–5-ETS1-1). They conducted investigations [SEP-3] into
what happened when they mixed the available ingredients and again when they cooked their
pancakes and recorded the results. They asked a question [SEP-1] at the end of day 2 when
they discovered that all their pancakes were white: “What are we missing?” This question
motivated a change. They briefly engaged in arguments supported by evidence [SEP-7] when
they worked with teammates to select proportions to test on days 3 and 4, though this practice
was not a major focus of the vignette. They iteratively designed a solution [SEP-6] as they
tried out different proportions of ingredients to hone in on the perfect combination (3–5-ETS1-2,
3–5-ETS1-3). The changes they made were based on a mental model [SEP-2] of the chemical
system and how each ingredient affected the system’s behavior. They analyzed and interpreted
their data [SEP-4] by reflecting on how their design changed from iteration to iteration on day
4. Teachers could extend the lesson to include more mathematical thinking [SEP-5] by having
students graph pancake thickness versus amount of water, or help them communicate their
findings [SEP-8] by creating a cookbook that also explained the science behind pancakes.
DCIs. By discussing the physical properties of the raw ingredients, the batter, and the
cooked pancakes, students could gain a better understanding of the structure and properties
of matter (PS1.A). The table on day 4 makes an explicit tie to chemical reactions (PS1.B).
PS1.B does not occur in the foundation box for 5-PS1-4 in CA NGSS but is a focus in the
middle grades (MS-PS1-2). The motivation for including it here is that explicit instruction
about the observable features of chemical reactions draws attention to the types of changes
that can occur in substances. However, the discussion of chemical reactions should be limited
to observations with the naked eye or other senses. In the middle grades, students learn to
relate these observable changes to a model of interacting molecules, but that discussion is not
part of fifth grade in the CA NGSS.
CCCs. The CCCs helped draw students’ attention to the physical processes at work. There
was major emphasis on scale, proportion and quantity [CCC 3] throughout the ingredient
exploration. Students thought about their recipe as a chemical system [CCC-4] that had
components (ingredients) and energy input (heat from the griddle). They adjusted the amount
of each ingredient, which caused different effects [CCC-2] on the pancake system (including
the system properties of how it looks and tastes). The entire lesson sequence could be
thought of as one large investigation into how the mixing of substances can cause changes
that create a new substance (5-PS1-4).
CA CCSS Connections to English Language Arts and Mathematics. Throughout
the lesson sequence students participated in collaborative conversations with their classmates
to engineer the perfect pancake (SL.5.1a-d). This process called for students to measure and
combine various ingredients and carefully record these measurements (5.MD.3-4). Through
trial and error the students combined the different ingredients in different quantities until they
create the perfect pancake.
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Resources:
Lesson plans with further guidance are available at http://www.cde.ca.gov/ci/sc/cf/ch4.
asp#link14
Sources:
Pictures and figures courtesy of Holliston Coleman and Matthew d’Alessio, California State
University, Northridge.

Grade Five Instructional Segment 2: From Matter to Organisms
Prior to reaching grade five, students have developed understanding of the
DCIs that all animals need food in order to live and grow; that they obtain their
food from plants or from other animals; and that plants need air, water, and light to live
and grow. Now, students tie all these ideas together with a model [SEP 2] that describes
how energy and matter flow [CCC-5] within a system [CCC-4] . They trace matter from
nonliving sources (water and air), to plants, animals, decomposers, and back again to
plants. They also use their models and look for evidence to describe how energy flows
[CCC-5] from the Sun to plants to animals.

GRADE FIVE INSTRUCTIONAL SEGMENT 2: FROM MATTER TO ORGANISMS
Guiding Questions
• What matter do plants need to grow?
• How does matter move within an ecosystem?
• How does energy move within an ecosystem?
Performance Expectations
Students who demonstrate understanding can do the following:
5-LS1-1. Support an argument that plants get the materials they need for growth chiefly from
air and water. [Clarification Statement: Emphasis is on the idea that plant matter comes mostly
from air and water, not from the soil.]
5-LS2-1. Develop a model to describe the movement of matter among plants, animals
decomposers, and the environment. [Clarification Statement: Emphasis is on the idea that
matter that is not food (air, water, decomposed materials in soil) is changed by plants into
matter that is food. Examples of systems could include organisms, ecosystems, and the Earth.]
[Assessment Boundary: Assessment does not include molecular explanations.]
5-PS3-1. Use models to describe that energy in animals’ food (used for body repair, growth,
motion, and to maintain body warmth) was once energy from the Sun. [Clarification Statement:
Examples of models could include diagrams, and flow charts.]
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5-ESS2-1. Develop a model using an example to describe ways in which the geosphere,
biosphere, hydrosphere, and/or atmosphere interact. [Clarification Statement: The geosphere,
hydrosphere (including ice), atmosphere, and biosphere are each a system and each system
is a part of the whole Earth System. Examples could include the influence of the ocean on
ecosystems, landform shape, and climate; the influence of the atmosphere on landforms and
ecosystems through weather and climate; and the influence of mountain ranges on winds and
clouds in the atmosphere.] [Assessment Boundary: Assessment is limited to the interactions of
two systems at a time.] (Introduced but not assessed until IS3)
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.C: Organization for
Matter and Energy Flow in
Organisms

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

[SEP-3] Planning and Carrying
Out Investigations
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating,
and Communicating Information

LS2.A: Interdependent
Relationships in Ecosystems
LS2.B: Cycles of Matter
and Energy Transfer in
Ecosystems
PS3.D: Energy in Chemical
Processes and Everyday Life
ESS2.A: Earth Materials and
Systems

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS for ELA/Literacy Connections: W.5.1, SL.5.4, 6; L.5.6
CA ELD Standards Connections: ELD.PI.5.1, 3, 9, 11, 12
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Students have specifically investigated the needs of plants in kindergarten and grade
two. Teachers can probe their students’ existing ideas about plants by asking students to
provide evidence that makes them agree or disagree with the claim [SEP-7] , “Plants can
grow without soil.” Students can directly investigate the question by trying to germinate
and grow seeds in a medium of wet paper towels (inside a CD case so that they can watch
the process). They can also try to regrow lettuce, celery, or other plants in water alone by
placing the bottom section of a head of lettuce into a cup of water (figure 4.24). Students
can track the mass of the plant and the mass of the water they add.
Figure 4.24. Lettuce Growing Without Soil

Source: Misilla 2014

One of the first scientists to test out similar ideas was Jan Baptist van Helmont in the
1600s. He took about 5 kilograms (kg) of dry soil, put it in a pot, added water, and planted
a tree in the soil. After a year the tree had gained about 1 kg of mass. Van Helmont
carefully dried the soil and weighed it again. He was surprised to discover that the mass
of the soil was still about 5 kg (figure 4.25). The result must have been very confusing. As
the plant builds its body, the raw materials for making wood, leaves, bark must come from
somewhere and the soil seems to be the most likely source. But his experiment showed
otherwise. Where does the mass in plants come from? It must come from one or both
of the plant’s other needs for matter, air, and water. By tracking the amount of water in
their own experiments, students may be able to figure out the answer. Unfortunately, the
experiment is quite challenging to do precisely because water evaporates so easily. Could
students design an experiment to figure out the contributions to the plant’s mass that would
be better than either van Helmont’s or their own? Students will revisit this concept again in
the middle grades when they develop a model of the chemical reactions by which atoms are
rearranged from air and water molecules and transformed into plant molecules (MS-LS1-7).
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Figure 4.25. Van Helmont’s Experiment

seed

= 1kg
1 year
= 5kg

= 5kg

Diagram by Ed Himelblau.

During the days that it takes the seeds and lettuce to germinate and grow, students can
perform other simple investigations [SEP-3] to track the flow of matter [CCC-5] into
plants. They can place celery or flowers in colored water to see transportation of water
into the celery or flower, or try to grow a plant in a closed container with no airflow into
the container. As they add their own measurements from seeds and plants grown in water
alone, students should have enough evidence to construct an argument that plants get the
materials they need to grow primarily from air and water (5-LS1-1). At grade five, students
do not distinguish components of air such as oxygen and carbon dioxide but can describe
the gases generally as air. Carbon dioxide in the air is a key ingredient in photosynthesis,
a process used by plants to convert energy from the Sun into a form they can use to grow
and reproduce. The DCI progressions from appendix 1 of this framework do not introduce
the term photosynthesis until the middle grades. The rationale for this delay is to wait until
the specific chemical process is introduced before giving it a label.
Since plants can survive with only air and water, can people? Students observed in
kindergarten that all animals require food (K-LS1-1) because animals lack the ability
to directly convert sunlight energy into usable energy. The next section explores the
interdependence of animals and plants.

Plants within Ecosystems
Students constructed arguments that organisms interact with their environment in grade
three (3-LS4-3). Now, students examine these dependencies in terms of the flow of energy
and matter. There is no clearer illustration of the interdependence of organisms than a
sealed glass sphere (figure 4.26) containing algae, brine shrimp, some air and water. If
plants consume air and water resources from their environment, how can they continue to
survive in the sealed sphere? Won’t they run out of air? They would not survive alone, but
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the entire system can persist because the organisms exchange matter back and forth with
one another. A system in which organisms interact and exchange matter and energy with
each other and their environment is called an ecosystem.
Figure 4.26. A Sealed Glass Pod Contains an Entire Ecosystem

Source: Ecosphere Associates Inc. 2013

As animals eat plants, they consume all the matter in the plants. They can use this
matter as raw material for growing their own body, and they can metabolize it to convert
it into usable energy. The same process occurs when animals eat other animals. Tracking
which animals eat one another allows students to create a model of how energy and matter
flow in an ecosystem. This model [SEP-2] is called a food web. Students can construct
food webs by making direct observations about what animals consume. Observations can
be in small classroom ecosystems such as a terrarium or fish tank or, whenever possible,
students should take field trips to observe plants and animals in more natural conditions
(including urban environments like parks as well as nature centers and outdoor schools).
Students can draw a food web for the visible organisms in the sealed spheroid ecosystem
of figure 4.26—a very simple diagram showing brine shrimp eating algae. This relationship
benefits the shrimp, but it does not explain how the algae (plants) continue to survive as
they consume all the air in the sealed container. A food web is not a complete model of
the flow of matter in an ecosystem. The algae transform energy from the light entering the
ecosphere, and all of the organisms, including plants, give off waste.
To extend their models, students can investigate some of the waste products produced
by plants. When students place a plastic bag over the leaves of a plant, the inside of the bag
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gets wet revealing that the plant gives off water. When they submerge Anacharis, Elodea,
or rosemary plants in water, they observe tiny bubbles of gas released from the leaves.
Students can measure the quantity of gas by counting bubbles or trapping the gas in an
inverted test tube placed over the plant, recognizing that the rate of gas release depends
on the amount of light shining on the plant. Is the gas that plants take in the same as the
gas they release? Unfortunately, students do not have the tools to distinguish between these
gases. They will have to wait to the middle grades to answer this question. Even without
this information, students should be able to explain [SEP-6] that plants obtain matter as
gases and water from the environment and release waste matter (gas, liquid, or solid) back
into the environment (5-LS2-1). Similarly, they can integrate their own waste products into
the model.
Because decomposers are often not visible, few people are aware that decomposers
play a very important role in the flow of matter and energy through ecosystems. Students
can view a sample of the water (or at least a photograph or video of it) from a local pond,
stream, or even a drainage ditch, under a powerful microscope (with magnification of at
least 400x) and see tiny bacteria floating around. What do they eat? How do they fit into
the model of energy and matter flow? Students discuss the possibilities and come up with
four options: (1) they get energy from the Sun like plants; (2) they eat the algae; (3) they
eat the brine shrimp; and (4) they eat the waste given off by the other organisms. They
rule out the possibility that the bacteria eat the brine shrimp because the shrimp are still
alive. Students must obtain information [SEP-8] to learn more about bacteria in order to
choose from among the remaining options. While some single-celled organisms get energy
from the Sun, bacteria do not. Many bacteria eat the waste from other organisms. Many
bacteria live inside the human intestine and eat parts of our food that we cannot digest by
ourselves. When organisms die, the matter and nutrients that they have accumulated over
their lifetime remain trapped in their body.
Decomposition is the process that releases the energy and nutrients from dead tissue
for use by growing organisms. Decomposers can be both microscopic (bacteria) and easily
visible (fungi and mold), but they all do the same thing: they consume plant and animal
bodies, releasing energy and nutrients in a form that makes them more readily accessible to
other organisms. Without decomposers, dead plants and animals and their waste products
would accumulate in ecosystems and the energy and matter they contain would not be
available to other organisms. Students add decomposers into their ecosystem models.

2016 California Science Framework

Chapter 4

315

Grade Five

Grade Five Snapshot 4.6: Cycles of Decomposition
Anchoring phenomenon: At a nature center, a wide variety of plants and animals live
together.

Ms. D has coordinated with the staff at a local nature center, and they have
identified a specific area where the class can investigate [SEP-3] food webs
and observe an area where decomposition is an active process. On the day of
the field trip, the nature center staff helped students identify several different
producers and consumers. As students discovered what lives in the area, they worked together
to create and discuss a food web.
Everyday phenomenon: Plants and animals die.
Ms. D then asked, “What happens when one of the plants or animals in the food web
dies?” The students looked around for evidence of decomposition nearby. They identified
fallen leaves, a rotting tree trunk, and a dead insect on the ground.

Investigative phenomenon: The layer of leaves on the ground probably only took a
few years to accumulate, but the tree has been growing for decades. (Where did all the
other leaves go?)
Ms. D asked the students how long they think it took for all the dead leaves to fall on the
ground, and the students estimated several years. Ms. D then pointed to the tree and said,
“but this tree has been here for a hundred years. What happened to all the leaves that fell
before?” While some students suggested that the wind blew them away, Ms. D asked them to
look more closely at the leaves on the ground and the other dead objects. She then led them
through a discussion about how the tree trunk, leaves, and animals are breaking down and
reentering the soil.
When they returned to the classroom after the field trip, Ms. D had them read an
informational text about some of the organisms involved in decomposition and how they relate
to the rest of the ecosystem (see “Decomposition in the Forest” at http://www.cde.ca.gov/ci/
sc/cf/ch4.asp#link15, p. 12).
Investigative phenomenon: Dead material seems to progressively break down.
She then projected different examples of decomposition in action (see “Evidence of
Decomposition” at http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link16, pp. 2–4) and asked the
students to describe what they saw. In each case, Ms. D asked students where the matter
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Grade Five Snapshot 4.6: Cycles of Decomposition
came from and what happened to it after it decomposed. She emphasized that when
matter decomposes, it may seem to disappear, but it is actually moving into a different part
of the ecosystem releasing nutrients back into the soil, air, or water. To help the students
practice constructing explanations [SEP-6] of the decomposition process, she distributed a
drawing with a sequence of events that relate to decomposition (leaves fall, worm eats leaves,
worm feces fertilize soil, bird eats worm, etc.) (See Breaking it Down—In the Forest at http://
www.cde.ca.gov/ci/sc/cf/ch4.asp#link17, p. 13). Students wrote brief descriptions about each
step and how it relates to the flow of energy or matter [CCC-5] in the ecosystem.
Ms. D led a class discussion about the picture and asked students if they noticed any
patterns in the sequence of events. Several of the students commented that the drawing
shows the matter flowing among plants, animals, and microbes as these organisms live
and die. She asked, “Does this flow of matter [CCC-5] occur only once or is it an ongoing
process?” and led the class in a discussion that helped students recognize that the flow of
matter [CCC-5] in the diagram is an example of a cycle [CCC-5] . She then wrote a definition
for the word cycle on the board, “a series of processes or events that typically repeats itself.”
To help students recognize the importance of matter moving through ecosystems among
plants, animals, and decomposers, Ms. D asked them, “What would happen if the cycle of
matter flowing through ecosystems is interrupted by human activities?” This allowed the
students to begin building an understanding that human activities can affect “the exchange
of matter between natural systems and human societies affects the long-term functioning of
both” (EP&C IV).
Ms. D asked students to reflect on how decomposition is important to them, strengthening
their understanding that the ecosystem services provided by natural systems are essential to
human life, including what we eat, the plants we can grow and the overall functioning of our
economies and cultures (EP&C I).
Everyday phenomenon: Compost turns food waste into soil.
Several students mentioned that the decomposition process is related to the compost pile
that the class has been managing near their school garden. Some of the others discussed
that they were surprised that by composting at home, they were keeping most of the plant
materials from their meals and yards from going into the landfill and they thought that their
gardens benefited from the nutrients in the compost.
Resources
California Education and the Environment Initiative. 2013. Breaking it Down—In the Forest.
Sacramento: Office of Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch4.
asp#link18.
———2013. Decomposition in the Forest. Sacramento: Office of Education and the Environment.
http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link19.
———2013. Evidence of Decomposition. Sacramento: Office of Education and the Environment.
http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link20.
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While students collected evidence that plants can grow for at least some time without
soil, plants acquire some essential materials from the soil. Nitrogen, iron, and many other
nutrients must be obtained from the soil (usually by the roots) because plants cannot
survive without these. These nutrients, however, make up only a small fraction of the total
mass of a plant. If van Helmont had had a sensitive enough scale he might have detected
a tiny decrease in the mass of his soil. Again, plants provide a means for animals to get
many of the nutrients they need. For example, animals need very tiny amounts of metals
like iron, zinc, and magnesium to survive, but they cannot get all the nutrients they need by
just eating soil. To take these nutrients into their cells, the nutrients need to be incorporated
into more complex molecules (sometimes called vitamins). These complex molecules
are synthesized in plants. Plants, on the other hand, are able to absorb individual metal
atoms from the soil surrounding their roots. Animals consume these nutrients when they
eat plants, or eat other animals that have previously eaten plants. Students integrate this
information into their model. How will they represent the fact that nutrients are only a tiny
fraction of the plant’s mass yet are important for plant growth and survival?
Students must now reflect on their models of ecosystems and develop ways to represent
and communicate [SEP-8] them. They could play games (physical or kinesthetic models)
where primary producers receive energy from the Sun, use some for growth and respiration
and pass the rest to primary consumers and so on. The assessment chapter of this
framework (chapter 9) includes a snapshot demonstrating how students can use a pictorial
model generated on a computer to represent the energy flow in an ecosystem. They should
be able to use their model to explain how the energy animals use to grow and survive
originated as energy from the Sun (5-PS3-1).
This instructional segment reflects one of the key instructional shifts of the CA NGSS
with a focus on the SEPs that require developing and refining models. Rather than having
teachers present students with a model of ecosystems and defining the vocabulary terms of
producers, consumers, and decomposers as components of the system, students began with
an incomplete model. As they explored different phenomena, they progressively revised and
extended their model to include additional exchanges of matter. The model students have at
the end of grade five is by no means complete—they will revise it in the middle grades and
again in high school. Despite the fact that this research began in the 1600s with van Helmont,
professional scientists are continuing to refine the models of mechanisms and relationships
within ecosystems. As teachers focus on developing and using models [SEP-2] ,
students will gain useful insight into the nature of science as well as construct their own
understanding of DCIs about ecosystems.
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Sample Integration of Science and ELD Standards
in the Classroom
Students have observed, through pictures and simulations, some representations
of the movement of matter within ecosystems. Working in small groups, the
students build on those experiences by using their science texts and notes as
they collaboratively construct their models of how matter moves within ecosystems.
Each group constructs an argument about its model, focusing on the movement of
matter among plants, animals, decomposers, and the environment. Each group shares
its model with another group, while the other group provides feedback based on the
following co-constructed criteria: 1) presentation effectiveness, 2) the types of materials
and representations use, and 3) whether the cycling of matter is accurate (5-LS2-1).
During their conversations, the students refer to a large chart on the classroom wall
that contains options for different language purposes, such as entering a conversation
(e.g., One/another piece of evidence that supports our argument is ___.); agreeing
and disagreeing (e.g., I can see your design has ___; however, ___.); or elaborating on
an idea (e.g., That’s a good choice for ___, and I’d like to add that ___.). To support
students at the Emerging level of English proficiency, the teacher asks each group to
practice what each member of the group will share, and no member was permitted to
opt out. The teacher had created heterogeneous groups, ensuring that each student at
the Emerging level of English proficiency had a “language buddy” who was proficient
in both English and the student’s home language. The teacher had also created a
supportive environment so that students worked together to make sure that each
student understood and could communicate that understanding.
CA ELD Standards: ELD.PI.4.3
Source: Lagunoff et al. 2015, 248–249

Sample Integration of Science and ELD Standards
in the Classroom
Students who are working in small groups to create models about the cycling of
matter in ecosystems provide feedback to their peers, using appropriate verb tenses
(e.g., “At first, the arrows you drew were pointing toward the soil. Now you have
changed them, so I understand that materials from the water and air go into the
plant.”) (5-LS2-1). The teacher provides verbal support to students at the Emerging level
of English proficiency by highlighting specific verb tenses for specific purposes in texts
and speech.
CA ELD Standards: ELD.PI.4.3
Source: Lagunoff et al. 2015, 275–276
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Grade Five Instructional Segment 3: Interacting Earth Systems
Scientists have developed a way of thinking about the Earth as a system of systems (much like the human body is a system of systems). A system has internal
components that interact with one another (like the water cycle on Earth or the nervous
system in a human body), and a system also interacts with its surroundings (like when
water in the water cycle causes a flood or when the nervous system causes a muscle to
move). In this instructional segment students explore each of Earth’s systems and how they
work together to explain various phenomena. They then obtain information about the role
of humans in altering natural interactions. Students finish with action plans about what they
and their community can do to minimize the effects on humans and the impact of human
activities on natural systems.

GRADE FIVE INSTRUCTIONAL SEGMENT 3: INTERACTING EARTH SYSTEMS
Guiding Questions
• How can we represent systems as complicated as the entire planet?
• Where does my tap water come from and where does it go?
• How much water do we need to live, to irrigate plants? How much water do we have?
• What can we do to protect Earth’s resources?
Performance Expectations
Students who demonstrate understanding can do the following:
5-ESS2-1. Develop a model using an example to describe ways the geosphere, biosphere,
hydrosphere, and/or atmosphere interact. [Clarification Statement: The geosphere,
hydrosphere (including ice), atmosphere, and biosphere are each a system and
each system is a part of the whole Earth System (CA). Examples could include the
influence of the ocean on ecosystems, landform shape, and climate; the influence of the
atmosphere on landforms and ecosystems through weather and climate; and the influence
of mountain ranges on winds and clouds in the atmosphere. The geosphere, hydrosphere,
atmosphere, and biosphere are each a system.] [Assessment Boundary: Assessment is
limited to the interactions of two systems at a time.]
5-ESS2-2. Describe and graph the amounts and percentages of water and fresh water in
various reservoirs to provide evidence about the distribution of water on Earth. [Assessment
Boundary: Assessment is limited to oceans, lakes, rivers, glaciers, ground water, and polar ice
caps, and does not include the atmosphere.]
5-ESS3-1. Obtain and combine information about ways individual communities use science
ideas to protect the Earth’s resources and environment.
3–5-ETS1-1. Define a simple design problem reflecting a need or a want that includes
specified criteria for success and constraints on materials, time, or cost.
3–5-ETS1-2. Generate and compare multiple possible solutions to a problem based on how
well each is likely to meet criteria and constraints of the problem.
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GRADE FIVE INSTRUCTIONAL SEGMENT 3: INTERACTING EARTH SYSTEMS
3–5-ETS1-3. Plan and carry out fair tests in which variables are controlled and failure points
are considered to identify aspects of a model or prototype that can be improved.
California clarification statements that are bolded and followed by CA were incorporated by
the California Science Expert Review Panel.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using Models

ESS2.A: Earth Materials
and Systems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-8] Obtaining, Evaluating, and
Communicating Information

ESS2.C: The Roles of
Water in Earth’s Surface
Processes
ESS3.C: Human Impacts
on Earth Systems

[CCC-4] Systems and
System Models
[CCC-7] Stability and
Change

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: 5.MD.1; 5.MD.5b; 6.RP.3; 5.NF.2; 5.G.2; MP. 2, 6
CA CCSS for ELA/Literacy Connections: SL.5.1, 4, 5
CA ELD Standards Connections: ELD.PI.5.1, 6

To begin, students visit a small ecosystem in their schoolyard. Their goal is to observe
and list as many objects in the ecosystem as possible. Returning to the classroom, they
look at pictures of more ecosystems (ideally a wide variety of local settings they have
visited) and again make lists of all the components in each ecosystem. Students then work
in teams to group all these different items into four or five categories. Students will have
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to formulate these categories themselves based on the similarities they think are most
important between groups of objects on their lists. To help students understand the process
of making and assigning categories, teachers can demonstrate the process by assigning
different items to categories of color (which is not a very useful organizational scheme for
scientists). Groups then communicate [SEP-8] their rationale for selecting their categories.
Professional scientists came up with the categories of Earth’s four major systems: geosphere,
hydrosphere, atmosphere, and biosphere (table 4.6). These spheres are no more real than
the categories students created—they represent a consensus based upon evidence about
how objects interact. In fact, some scientists argue that there should be a fifth sphere called
the anthrosphere that highlights the importance of humanity and all its creations.
Table 4.6. Earth’s Systems
EARTH’S SYSTEMS

EARTH’S MATERIALS

Geosphere

Rocks, minerals, and landforms at Earth’s surface and in
its interior, including soil, sediment, and molten rocks

Hydrosphere

Water, including ocean water, groundwater, glaciers and
ice caps, rivers, lakes, etc.

Atmosphere

Gases surrounding the Earth (i.e., our air)

Biosphere

Living organisms, including humans

Students return to the photographs of the ecosystems and their lists, sorting the objects
into the four different Earth systems. All four systems interact (exchange energy and matter)
with all the other systems – they are completely interconnected, and as a result significantly
influence each other. Students can try to identify some of these interactions in their
ecosystem pictures. For example, a river flowing over rocks results in components of the
hydrosphere causing erosion in the geosphere and helping support life in the biosphere. The
water itself almost certainly comes from clouds in the atmosphere, and the cool water (along
with shade from the trees of the biosphere) keeps the temperature low in the atmosphere
immediately surrounding riverbanks. Table 4.7 shows a scientist’s model [SEP-2] for
different cause and effect relationships [CCC 2] between the different Earth systems. At
grade five, students will not have background knowledge of all these interactions, but the
blank table itself can prompt them to seek out these relationships. Each of the cells in the
table describes one or more specific phenomena that students can investigate. Students
should be able to create a model [SEP-2] of how one or more phenomena exemplify
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interactions between different Earth systems (5-ESS2-1). Several processes such as the water
cycle (MS-ESS2-4) and the global carbon cycle (HS-ESS2-6) involve complicated interactions
between multiple Earth systems and are the focus of middle and high school lessons,
respectively. Grade five students focus on simpler interactions between two Earth systems.
Table 4.7. Examples of Interactions Between Earth Systems

blank

HYDROSPHERE

ATMOSPHERE

BIOSPHERE

Rock cycle. Volcanoes erupt lava.
Earthquakes thrust
up mountains.

Topography
affects where
rivers go.

Volcanoes erupt gases. Mountains funnel
winds and affect the
movement of clouds.

Minerals in soil
provide nutrients
for plants.

Water erodes rocks.

Water cycle.
Rivers flow
into the ocean.

Water evaporates.

Water sustains
all life.

Chemical
weathering of
rocks. Wind erodes
rocks.

Winds blow
clouds.

Weather and climate
cycles.

Air sustains all
life.

Decomposers enrich
soil.

Plant roots
soak up water.

Plants give off water
and gases as waste.

Food webs.

BIOSPHERE

ATMOSPHERE

GEOSPHERE

GEOSPHERE

blank

EFFECT

HYDROSPHERE

blank

CAUSE

blank

Opportunities for ELA/ELD Connections
In small groups, students choose and verbally describe and physically demonstrate the
interactions between two of these four systems—geosphere, biosphere, hydrosphere,
and atmosphere—using multimedia and/or visual displays. These demonstrations
could include students recreating the interaction (e.g., one student is water and
another student is wind) to illustrate what happens to land and ecosystems through
weather and climate when two systems interact in the atmosphere.
CA CCSS for ELA/Literacy Standards: SL.5.1, 4, 5
CA ELD Standards: ELD.PI.5.1, 6
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One of the reasons for describing different Earth systems is to focus on their interactions
and how they influence each other, especially the interactions that cross traditional
disciplinary boundaries. Just as matter, like contaminants and pollution, crosses these
boundaries (EP&C IV), the thinking of citizens of all ages and scientists must do so as
well. Examples of contamination in the hydrosphere are tangible, as students already have
mental models for how water flows and can extend those models to include interactions
with other parts of the Earth system.
As part of their understanding of the hydrosphere, students must be able to describe
where water is located on Earth. Students will build on this understanding in grade six when
they develop a model of the water cycle (MS-ESS2-4) that describes how water moves
within the hydrosphere and into other Earth systems. In addition to knowing where water
is located, students should be able to use mathematical thinking [SEP-5] to describe the
relative proportions of water found in different forms (figure 4.27). How much water is in the
ocean, glaciers, rivers, underground? How much is salt water? Students describe and provide
evidence that nearly all of Earth’s available water is in the ocean. Most fresh water is in glaciers
or underground; only a tiny fraction is in streams, lakes, wetlands, and the atmosphere
(5-ESS2-2). Humans and all other life depend on this tiny fraction of Earth’s water for survival
(EP&C I). This relative scarcity is why drought and contamination are such important issues in
California, and why human activities can have such large influences on natural cycles (EP&C III).
Figure 4.27. Distribution of Earth’s Water

ALL WATER
Oceans 97%

Freshwater 3%

Ice caps and
Glaciers 69%

FRESHWATER
Accessible Surface
Freshwater 1%

Groundwater 30%

ACCESSIBLE
SURFACE
FRESHWATER

Lakes 52%
Water within living
organisms 1%
Rivers 1%

Soil moisture 38%
Water
vapor 8%

Ninety-seven percent of water is undrinkable (from the oceans) and only 3 percent is fresh water
found in icecaps, ground, lakes, rivers and swamps. Source: Reiff and Law 2003

324

Chapter 4

2016 California Science Framework

Grade Five

Opportunities for Mathematics Connections
For 5-ESS2-2, students do not study percentages or ratios until grade six. Science
teachers will need to provide some background math knowledge on this concept while
teaching the science. Students will be able to compare fractions, however. Students
could be challenged to find the state, country, or continent with the most/least
amount of fresh water per person. Alternatively, students could be assigned a country
or continent to investigate. Students could graph their results by liquid or ice form.
CA CCSSM: 6.RP.3, 5.NF.2, 5.G.2, MP. 2, 6

Students can obtain information [SEP-8] about the source of their local tap water and
which human activities are the primary users of the local water sources. What measures
are taken to protect these sources? A field trip to a local wastewater treatment plant or
a local farm that uses dry farming techniques can help students think about problems
and solutions that help us protect our resources. Student work focuses on obtaining,
evaluating, and communicating information [SEP-8] that shows how human activities in

agriculture, industry, and everyday life have major effects on the land, vegetation, streams,
underground water storage levels (aquifer), and ocean (EP&C II).
This focus on water is then broadened to consider other human impacts on all Earth systems
[CCC-4] . Group projects could investigate particular local resource issues and examine

what individuals and communities are doing or could do to help protect Earth’s resources
and environments (5-ESS3-1). Students present their findings and solutions to each other,
emphasizing specific cause and effect [CCC-2] relationships where a particular technology
or action (EP&C V) prevents the exchange of pollutants between different parts of Earth’s
systems or otherwise reduces human-induced changes [CCC-7] to these systems.

Opportunities for Mathematics Connections
Students create a map of storm water flow on their schoolyard. Where does the water
go when it leaves the schoolyard? What contaminants might it pick up and wash
into the local waterways? (EP&C II). Using the area they measure [SEP-5] on a
map of their schoolyard, students calculate the total volume of water that falls
on their schoolyard or rooftop in a rainstorm. They calculate [SEP-5] how many
55-gallon rain barrels this water would fill up and how long this water would supply
their school garden. Students then prepare a presentation to their school site council
proposing the installation of a rainwater capture system on their schoolyard such as rain
barrels or a cistern.
CA CCSSM: 5.MD.1; 5.MD.5b
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Engineering Connection: Design a Simple Water
Filtration Process
As water passes through layers of the Earth in nature, contaminants are filtered
out or settle. Sometimes, however, humans pollute the water with contaminants
that are not naturally filtered out (EP&Cs II, IV). To protect the environment,
humans also use water filtration to clean water so that we can use it or it can be
returned to the natural environment. In 2014, California’s Proposition 1 allocated
almost $1.5 billion to groundwater cleanup efforts and future investments are also
likely. Engineers will need to develop new techniques and procedures, and existing
ones need to be refined to make them more effective and cheaper (EP&C V). In this
activity, students play the part of groundwater contaminant engineers and design a
simple filter to clean dirty or contaminated water (see “Hands-on Activity: Water
Filtration,” at http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link21). Students define the
problem [SEP-1] , gather information [SEP-8] , plan a solution [SEP-6] , and design
and carry out a prototype given a set of constraints or limits, such as available materials,
money, and/or time. The students can then gather information, work in teams to
brainstorm a number of solutions, and compare them against the criteria and constraints
of the problem to see which is most likely to succeed. Students are given a sample of
“dirty” water made of safe classroom materials like twigs, dirt, sand, brown liquids (tea)
and are presented with the challenge of cleaning the water with available materials:
cotton balls, coffee filter, etc. Students first design a working model [SEP-2] , build it,
test it, and then compare their filtered water against a color standard. Students can
refine their design by trying to keep it effective but use less material.

Grade Five Instructional Segment 4: Patterns in the Night Sky
Each night, the Sun appears to set and the stars become visible. At first glance,
stars appear to be randomly strewn about the sky with some shining brighter
than others. As the human eye is drawn to patterns, ancient people imagined the brightest
stars marking the outlines of animals and people. Modern students can use detailed measurements of where stars are in the night sky, how bright they are, and when they become
visible to discover patterns in the motion of celestial bodies. IS4 provides the data and
analysis that set the stage for much more sophisticated models of planetary motion and
the origin of the universe in the middle grades and high school. IS4 has three independent
sections: (1) Gravitational Force; (2) Patterns of Motion; and (3) Brightness of Stars.
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GRADE FIVE INSTRUCTIONAL SEGMENT 4: PATTERNS IN THE NIGHT SKY
Guiding Questions
• How far away are the stars? How can we tell?
• What trends and patterns are there in the movement of the Sun and stars?
Performance Expectations
Students who demonstrate understanding can do the following:
5-PS2-1. Support an argument that the gravitational force exerted by Earth on objects is
directed down. [Clarification Statement: “Down” is a local description of the direction that
points toward the center of the spherical Earth.] [Assessment Boundary: Assessment does
not include mathematical representation of gravitational force.]
5-ESS1-2. Represent data in graphical displays to reveal patterns of daily changes in the
length and direction of shadows, day and night, and the seasonal appearance of some stars
in the night sky. [Clarification Statement: Examples of patterns in the sky could include the
position and motion of Earth with respect to the Sun and select stars that are visible only in
particular months] [Assessment Boundary: Assessment does not include causes of seasons.]
5-ESS1-1. Support an argument that differences in the apparent brightness of the Sun
compared to other stars is due to their relative distance from Earth. [Clarification Statement:
Absolute brightness of stars is the result of a variety of factors. Relative distance from Earth
is one factor that affects apparent brightness and is the one selected to be addressed by
the performance expectation.] [Assessment Boundary: Assessment is limited to relative
distances, not sizes, of stars. Assessment does not include other factors that affect apparent
brightness (such as stellar masses, age, and stage).]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

ESS1.A: The Universe and Its
Stars

[CCC-1] Patterns

[SEP-2] Developing and
Using Models

ESS1.B: Earth and the Solar
System

[CCC-2] Cause and Effect:
Mechanism and Explanation

CA CCSS Math Connections: 4.MD.6; 5.NF.6; 5.G.2
CA CCSS for ELA/Literacy Connections: RI.5.3; W.5.7, 10
CA ELD Standards Connections: ELD.PI.5.1, 5, 11

The night sky is full of wonder. Grade five students should begin by asking questions
about the stars, the planets, and space exploration. During this segment, teachers should
strive to relate the learning required in the CA NGSS to students’ interests and emphasize
questions about “how far?” and “how do we know?”
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Gravitational Forces Pull Down
Grade five is the first time that students explicitly focus on gravity in the CA NGSS,
though they may have used it as an example of a force in grade three. The gravitational
force is an extension of other noncontact forces (a force that acts even when objects are not
touching) that students investigated in grade three (magnetic and electrostatic electricity).
Gravity has a profound impact on our everyday lives and is also foundational to Earth’s
place in the universe (ESS1), though the connection to planetary motion is beyond grade
five. At this point, students just need to gather evidence that gravity always pulls objects
downward. Since students cannot directly observe forces, they will need to plan and conduct
investigations to help them understand that objects move in the direction in which forces
are applied (3-PS2-1). Downward is a relative term—it refers to the center of the planet. For
astronauts in orbit, the direction of down is constantly changing as they circle around the
planet. They feel weightless because they are constantly falling around the planet.

Opportunities for Mathematics Connections
Students can tie a string to a meter stick and attach a weight to the string. Using a
carpenter’s level (or calibrated smartphone app), students can arrange the meter
stick so that it is perfectly horizontal. Then, students measure the angle between
the meter stick and the string. Since gravity always pulls downward, the angle should
always be 90 degrees. Students will find it challenging to get precise measurements
because the meter stick will not be exactly level and the string will swing back and forth.
By sharing multiple measurements, students can see the power of averaging multiple
results to minimize experimental error.
CA CCSSM: 4.MD.6

Earth Patterns: From a Day to a Year
Students observed the patterns of shadows, the Sun, and Moon in grade one (1-ESS1-2),
but now they bring the more advanced quantitative skills to analyze the data. A fifth-grade
class could partner with a first-grade class to collect observations. The fifth graders would
prepare graphs and presentations and present them back to their first-grade buddies
(planet partners). Students can make graphs of the length of shadows throughout a day,
the length of shadows at the same time every day for a month or more, or the number of
daylight hours throughout the year. Measurements should begin early in the school year so
that students have data to analyze during this instructional segment. Students can use free
planetarium software (e.g., Stellarium at http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link22)
to simulate measurements during the night. Measurements should begin early in the school

328

Chapter 4

2016 California Science Framework

Grade Five
year so that each student can track a different star every two hours for a week’s worth of
nights; this can be done much more quickly in a simulator than in real life. After recording
data, they can plot their star’s position by its compass angle and observe how its position
changes. What patterns do they recognize? How often do these patterns repeat? Can they
predict the star’s position 24 hours in the future? It will be in a similar position, but not
identical. How about six months in the future? Some students will discover that their star
is not visible six months later. This might prompt students to collect data at longer time
intervals such as at the same time every month for a year or two. The goal is for students
to recognize that there are multiple cycles of motion occurring simultaneously. The Sun and
stars return to a similar location every 24 hours, but their position slowly migrates over the
course of 365 days. Students will explain these patterns using a model in the middle grades,
but students should recognize similarities between the behavior of the Sun and the stars.
These similarities imply that whatever causes one to appear to move likely causes the others.

Opportunities for Mathematics Connections
Students obtain information about sunrise and sunset times from an online database.
They calculate the length of daylight by representing hours and minutes as mixed
numbers (5.NF.6). They plot the number of hours of daylight versus the number of
days since January 1 (numbers from 1–365) in the first quadrant of the coordinate
plane. What trends or patterns [CCC-1] appear? Students ask questions [SEP-1]
about what causes [CCC-2] these patterns. How long does it take for the pattern to
repeat? Having different students use data from different years allows students to
recognize that the pattern repeats almost exactly every 365 days.
CA CCSSM: 5.NF.6; 5.G.2

Far, Far Away
Ask students to draw what the night sky looks like and most of them will include a
few bright stars surrounded by immense blackness (and possibly the Moon, though it is
a feature of the daylight hours as often as it is the night sky). If students observe the
night sky through small telescopes or even binoculars, they see that the dark sections
of the sky are not as dark as they thought. They are filled with thousands of stars and
galaxies too far and too dim to see with the naked eye. Students can experience a similar
phenomenon by making a physical model [SEP-2] of stars on the schoolyard using
flashlights. Each student goes to a different place on the schoolyard and holds an identical
flashlight. Students that are close together can see one another’s flashlights shining, but it
is hard to tell if distant flashlights are on or off. What would happen if one flashlight were
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brighter than the others? Students can refine their model for what determines the apparent
brightness of a star to include both the amount of light energy released by the star (called
absolute brightness in astronomy) and how far away the star is from Earth.
The Sun is the closest star to Earth and for this reason it appears larger and brighter
than any other stars in our galaxy. The factors affecting absolute brightness of stars are
beyond the fifth-grade level and students will only be assessed on their understanding
of the role of distance in determining apparent brightness (5-ESS1-1). The farthest stars
away in the universe are hardly even visible with the best telescopes. When the Hubble
space telescope pointed in the same spot in the darkest part of the sky for 10 days
straight, it gathered enough to see the faintest stars ever observed. This Hubble Deep Field
image (http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link23) is a profound reminder that even
something that appears to be nothingness holds more complexity in it than we can imagine.

Science Literacy and English Learners
Science classes are ideal environments for all students to learn and develop language
skills. Science and engineering give students something to talk about because they address
high-interest topics, manipulate real-world materials, and have collaboration inherent in
science and engineering practice. To maximize the synergies between ELD and science, the
State Board of Education commissioned a document with examples of how the state ELD
standards and the CA NGSS can complement one another (http://www.cde.ca.gov/ci/sc/cf/
ch4.asp#link24). Excerpts from that document appear throughout this chapter as “Sample
Integration of Science and ELD Standards in the Classroom.”
The vignette below provides a glimpse into a classroom where a deliberate approach
to integrate the CA NGSS, CA CCSS for ELA/Literacy, and the CA ELD Standards enhances
all three of these areas. Like all the vignettes in this document, this is just one example
approach to teaching these standards. In fact, the performance expectations featured in this
vignette also appear with snapshots in IS3 in grade three to provide different perspectives
on how to teach the same content.
This particular vignette highlights scaffolding approaches for EL students at both the
level of lesson organization and individual student interactions. It is not a comprehensive
view of all the factors that educators need to consider nor is it universal since pedagogical
and scaffolding approaches will depend on individual student needs. Nonetheless, it
attempts to illustrate a few research-based instructional practices.
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Performance Expectations
Students who demonstrate understanding can do the following:
3-LS4-3. Construct an argument with evidence that in a particular habitat some organisms
can survive well, some survive less well, and some cannot survive at all. [Clarification
Statement: Examples of evidence could include needs and characteristics of the organisms
and habitats involved. The organisms and their habitat make up a system in which the parts
depend on each other.]
3-LS4-4. Make a claim about the merit of a solution to a problem caused when the
environment changes and the types of plants and animals that live there may change.*
[Clarification Statement: Examples of environmental changes could include changes in land
characteristics, water distribution, temperature, food, and other organisms.] [Assessment
Boundary: Assessment is limited to a single environmental change. Assessment does not
include the greenhouse effect or climate change.]
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-3] Planning and Carrying Out
Investigations

LS2.C: Ecosystem
Dynamics, Functioning,
and Resilience

[CCC-2] Cause and
Effect: Mechanism and
Explanation

LS4.C: Adaptation

[CCC-4] Systems and
System Models

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument from
Evidence

LS4.D: Biodiversity and
Humans

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS for ELA/Literacy Connections: W.3.1, 2, 7; SL.3.1, RI.3.3
CA ELD Standards Connections: ELD.PI.3.1, 2, 4, 6, 10, 11, ELD.PII.3.1
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Introduction
Mr. B’s third-grade class is learning how people’s activities and behavior can change animal
habitats (EP&C II). Mr. B’s goal is to provide a variety of rich, hands-on interactive learning
experiences in which his students observe the natural world, learn from texts, discuss their
thinking, and work collaboratively, all with the goal of making a positive impact on animal
habitats through mitigating human damage (EP&C V). Mr. B wants his students both to learn
about the area in which they live and understand that they could positively affect the environment through their words and actions. The big ideas that guide Mr. B’s planning for the
instructional segment are as follows:
•

We can explain why some animals can survive well, some survive less well, and
some cannot survive at all in different habitats.

•

We can explain how humans impact animal habitats and make an argument for
protecting them by making evidence-based claims.

Mr. B’s class of 34 students is comprised of 20 native English speakers or students who are
bilingual and proficient in English and 14 students who are ELs. Of the 20 students proficient
in English, the majority speak a nonstandard variety of English or a language other than
English with their families. Twelve of the ELs are at the Expanding or early Bridging level
of English proficiency and use everyday English comfortably. Two of Mr. B’s students have
recently arrived in the United States and are at the early Emerging level of English proficiency.
The majority of Mr. B’s ELs and many of his bilingual students speak Spanish as their home
language, but he has two students who speak Hmong as a home language. Mr. B’s goal is for
each of his students to successfully engage in the academic and linguistic content of the class,
and he works hard to provide the supports necessary for them to succeed.
Lesson Context
Investigative phenomenon: Different numbers and types of plants and animals grow
in different parts of the schoolyard.

Earlier in the year in a previous instructional segment, students began to learn what
plants need in order to grow and what they get from the ecosystems where they live. In this
instructional segment, Mr. B’s students have started to learn about the diversity of life in different
habitats. He started the learning segment by taking his students on a field trip in which they
spent the morning examining nearby habitats. To help his students become excellent observers
and data collectors, he asked them to take their science notebooks with them to make notes, in
whichever language they were most comfortable writing, and to draw pictures about the plant
and animal life they observed. The students examined the school garden, the neighborhood
near the school, and a nearby wooded park. Students recorded the number of different plants
and animals in each area. When they returned to the classroom, the students discussed the
differences in the living things they observed in each habitat, and Mr. B led the class through
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a discussion that culminated in the jointly constructed statement: “Different numbers and
types of living things, including plants and animals, live in different habitats.” Mr. B facilitated
a class conversation about what data could be used to support this statement such as the
number of different trees observed in each area. This is added to the statement.
Investigative phenomenon: Different plants and animals grow in different parts of
California.

Mr. B and his students had also read and collaboratively discussed two informational texts,
“Would Blackberries Grow…?” and “What a Joshua Tree Needs from the Desert” (available at
http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link25). Mr. B posted Word Wall Cards (available at
http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link26), and he helped the students add translations
of the words in their home languages. Mr. B taught these words to students, and he modeled
how to use them as often as he could. Additionally, Mr. B facilitated a discussion in which his
students connected their observations of the diversity of life in the habitats they observed and
read about to the California Habitats wall map (available at http://www.cde.ca.gov/ci/sc/cf/
ch4.asp#link27). The students wrote sentences that described the similarities and differences
between what they observed on their nature walk and the plants and animals highlighted on
the map.
The children were building both their science conceptual understandings and language and
literacy skills, all of which they used to create informational posters that included an evidencebased argument about how some animals survive well, less well, or not at all in a particular
habitat; photographs or illustrations that show the animal habitats they have researched; data
that show human impact on the habitat (graphs or tables); and suggestions for what students
and their families can do to reduce the impact humans make on animal habitats. The students
presented their posters to their families on the school’s Family Science Exhibition Night. Each
student also wrote a letter to the editor of the local newspaper to engage the community
to care about and protect local animal habitats. The following learning target and CA NGSS
performance expectations guide teaching and learning for the lesson.
Learning Target
We will create posters that explain how humans affect animal habitats and suggest ways we
can protect them (EP&Cs II, V). We will write letters to the editor arguing why we should
protect animal habitats.
CA NGSS Performance Expectations
3-LS4-3. Construct an argument with evidence that in a particular habitat some organisms
can survive well, some survive less well, and some cannot survive at all.
3-LS4-4. Make a claim about the merit of a solution to a problem caused when the
environment changes and the types of plants and animals that live there may change.
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Lesson Excerpts
Since Mr. B’s students had started to build up an understanding of animal and plant
diversity in habitats, he was ready for them to begin examining the impact humans have on
animal habitats. He posted two questions that the children would consider over the course of
the next several days:
• How can human activities change the habitats where plants and animals live?
•

How do these changes affect the survival of the plants and animals that live there?
Everyday phenomenon: Animals lose their homes when people cut down trees.

Mr. B began the lesson by asking the class to think about a human activity that might
affect an animal’s habitat. He first gave an example: When humans cut trees down to make
things, like houses and paper, some animals might lose their homes. Then, he asked his
students to think about as many ideas as they could and gave them a few moments to do
so. As the students thought, Mr. B checked in with his two students at the Emerging level of
English language proficiency to ensure they understand the question. After the students had
had time to think, Mr. B asked them to share with their partners using an open sentence frame
in order to challenge them to include human impact and its effects:
When humans _________________ (cause), ___________ (effect), [CCC-2] .
He listened in as students shared their ideas. He heard some students share an idea very
similar to his, while other students said things such as, “When humans make a parking lot, and
that’s where there were trees before, I think it causes animals to lose their homes, like birds
and squirrels and stuff,” and “When humans put pollution in the air, because they’re driving
their cars a lot, I think the animals can get sick or die because they can’t breathe clean air.”
Meaningful Interaction with Science Informational Texts:
Mr. B’s next step was to help his class to understand deeply the relationship between an
animal, the animal’s habitat, and human actions that affect an animal’s habitat. To help build
his students’ understanding, he chose the relationship between the monarch butterfly, the
milkweed plant, and the elimination of milkweed due to human use of weed killer (EP&C II).
Investigative phenomenon: Mallow plants grow taller when they have the right
amount of water and sunlight.

To provide context to the monarch story, Mr. B had his students raise painted lady caterpillars
and mallow plants in the classroom. Students planned and conducted investigations about
how the amount of water and sunlight might affect the height of the mallow plants (3-LS3-2).
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Investigative phenomenon: Caterpillars follow a specific life cycle and grow into
butterflies.

Students also observed the development of the caterpillars into a chrysalis and then an
adult butterfly. Students conducted safe and respectful investigations to understand how
the environment (food, water, space) could affect the butterfly. These investigations were
necessary to provide context when students interacted with informational text. The data from
the investigation would also be used when students needed evidence to support their claims
later in the unit.
Investigative phenomenon: Monarch caterpillars eat milkweed plants.

Mr. B read aloud the informational text Monarch and Milkweed by Helen Frost and Leonid
Gore. He read the text to the children as they sat on the carpet. Being cognizant of each
student’s level of English proficiency as well as science content knowledge, Mr. B pre-assigned
students to heterogeneous partnerships so all student had thinking buddies. Mr. B reminded
students that they had already learned a great deal about another type of butterfly, the
painted lady, as well as one of the butterfly’s food sources, the mallow plant. He explained
that they were now going to learn about another butterfly, the monarch. As Mr. B read,
he stopped periodically to define words and to prompt his students to repeat words and
definitions and to make an accompanying hand gesture that will help them remember the
words. For example, when Mr. B came to the word migrate, he said, “Migrate means to travel
in a group from one place to another.” He said the word clearly and then asked his students
to chorally repeat the word and the definition while also making the motion of moving their
hands from the center of their chest straight out away from themselves, making wriggle
fingers to show both movement and that it is a group of many.
Throughout the book, Mr. B stopped periodically to ask students questions and make
connections to their previous butterfly investigations. He also allowed them time to think
then share with their partners after each question, to ensure they understood the reading.
He emphasized how illustrations can help the students understand the scientific concepts, as
when an illustration shows the caterpillar inside the chrysalis. He asked students to compare
the illustrations in the text with their own drawings of the painted lady butterflies from their
previous investigations.
When Mr. B got to the end of the book, he asked his students to discuss with their partners
the questions: What would happen if most of the milkweed were gone? What did we learn about
the painted lady butterfly and the mallow plant? He listened closely as partners discussed. Once
the students had had about a minute to discuss with their partners, he brought the class back
together and asked a few partners to share out. Mr. B had an instructional routine in which
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when one partner shares, and the other partner also has to share by adding on to their
partner’s response.
Mr. B called on a pair of students, Veronica, who is at the early Emerging level of English
language proficiency and has a grasp of some academic Spanish because of her schooling in
Mexico, and her thinking buddy, Alicia, who is bilingual. Both girls speak Spanish as their home
language.
Mr. B: Veronica and Alicia, I would like you to respond. Which of you will go first?

(Veronica and Alicia confer briefly.)
Alicia: I’ll go first and Veronica will add on. We think the butterflies will die.
Mr. B: Yes, that does seem likely. I’d like to hear more. Why do you think the

butterflies will die? Veronica, can you say more?
Veronica: I…I think…
Alicia: (whispering to Veronica to prompt her) I would like to add…
Veronica: I would like to add…that…butterflies need milkweed to…¿Cómo se dice

sobrevivir?
Alicia: ¿Sobrevivir? Uh … Survive!
Veronica: Butterflies need milkweed to survive, so…cuando…when the milkweed…

(turning to Alicia) ¿Puedes decirlo tu?
Alicia: If all the milkweed is gone, the butterflies would die.
Mr. B: Thank you, Veronica and Alicia. (He writes under the document camera,

“Butterflies need milkweed to survive, so when the milkweed is gone the
butterflies die.”) (To Veronica and Alicia) Is that right? (Both girls nod their heads).
Let’s see if we can expand on that idea a little bit. (Mr. B chooses another pair
to share, Bryan and Santiago. Bryan is a native English speaker and Santiago is
an English Learner at the early Bridging level of English proficiency). Bryan and
Santiago, can you elaborate on Veronica and Alicia’s ideas?
Bryan: The butterflies are a special kind called monarch butterflies.
Mr. B: (Adds the word monarch before butterflies in Alicia and Veronica’s sentence.)

Thank you for being specific about the type of butterfly.
Santiago: I don’t know what else to say.
Mr. B: Let’s see if we can figure it out together. Can you say anything more about

this idea of the butterfly surviving? Can we unpack that a little bit? (Picking up on
the students’ hesitation, Mr. B makes an adjustment to address vocabulary.) In
fact, this might be a new word for some of us. Let’s all say the word survive. (The
class chorally says the word.) Survive means to continue to live. Let’s all say that.
Survive means to continue to live. (The class chorally repeats the definition.)
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Mr. B quickly provided the sentence frame: “_____ helps ______ survive by …” He said, “We’re
going to practice using the word survive.” He modeled, touching the appropriate part of the
posted frame as he spoke, “Sunlight helps plants survive by providing energy for plants to
turn into food.” He had students take turns completing the sentence frame with their elbow
partners for one minute. During this time, Mr. B paid particular attention to the sentences the
ELs produce; he used these observations when determining what kind of support to provide
during subsequent tasks. Mr. B then gave students another 30 seconds to practice completing
the sentence frame, this time focusing their sentences only on monarch butterflies.
Mr. B: Santiago, what is one way milkweed helps the monarch butterfly survive? I’d like
you to use the stem “Milkweed helps the monarch butterfly survive by…” (Mr. B writes
this stem below the document camera, under the sentence the class has started.)
Santiago: Umm. Okay. Milkweed helps the monarch survive by giving it… Can you go
back to the page about the caterpillar?
Mr. B: (Opens the book to the page about the caterpillar.) This one?
Santiago: Yeah. Milkweed helps the monarch butterfly survive because… it hangs on
the leaf.
Mr. B: The caterpillar is hanging there, yes. Let’s brainstorm a list of all the ways the
milkweed plant helps the monarch butterfly.
He writes, The milkweed plant helps the monarch butterfly by providing a place for the
caterpillar to hang while it grows. He prompts the class to echo read the statement; this
practice gives all students an opportunity to develop their expressive reading skills. Mr. B
continues to elicit responses from different students, supporting them as they develop their
ideas and clarify their understandings about the importance of the milkweed plant to the life
cycle of the monarch.
Investigative phenomenon: Monarch butterfly populations are shrinking.

The next day, Mr. B had the class engage in an “Expert Group Jigsaw” reading using texts
about threats to the monarch butterfly (including a Newsela article called “Scientists worry over
disappearing monarch butterfly”). The children had engaged in this type of collaborative reading
activity before and enjoy its game-like flavor. They took their science notebooks, which they used
to take notes, as they convened in their expert groups. The process they used was as follows:
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Expert Group Jigsaw Procedure
Step 1: Students read a text independently in their Expert Groups. The expert groups
convened. Sometimes, groups would be put together randomly (by counting off, for example).
At other times, teachers wanted to group students strategically to balance/leverage strengths,
learning needs, and interests. Each person in the same expert group read the same text, but
each of the different expert groups read a different text. This could be different sections from
the same text, or it could be different texts that provide various lenses on the same topic.
Each student read their text independently, along with focus questions and a note-taking guide
(graphic organizer) to take notes.
Step 2: Students become experts in their Expert Groups. In this step, each person was
responsible for adding information from their independent reading, noting (in their note-taking
guide) what others shared, and building on what has been shared. After the initial sharing, the
students moved on to discussion questions about the text where they could delve deeper into
the text together and further develop their expertise of the topic. At the end of this phase, the
group members agreed on key points they would each share in their jigsaw groups.
Step 3: Students share their expertise and learn from others in Jigsaw Groups.
Students convened in their jigsaw groups, comprised of one (or two) people from each expert
group. Each person shared their expertise while the others took notes and asked clarification or
elaboration questions. Once each person had shared, the group sometimes had an additional
task, such as synthesizing the information that had been shared or discussing one or more of
the big ideas from the different readings.
Step 4: Students share what they learned in their Expert Groups.

After the class had researched the threats facing the monarch butterfly, Mr. B asked
students the two overarching questions for the instructional segment:
•

How can human activities change the habitats where plants and animals live?

•

How do these changes affect the survival of the plants and animals that live there?

The children discussed these questions in small groups of four students, who then have an
opportunity to share out their responses.
Preparing to Create Posters
After his students had connected closely with the idea that humans can impact the
habitats of animals (EP&C II), Mr. B wanted to bring their understanding back to the animal
habitats around the school.
Mr. B took the class on a second nature walk. The students explored an unused parking lot
near the school, and they made a return visit to the nearby wooded park. As they visited these
sites, the students made notes and/or simple drawings in their science notebooks about the
condition of the habitats and abundance of plants and animals in each. They also made observations about the number of different plants and animals in each area. Mr. B told his students
to note if an area had lots of different plants and animals, if it had mostly one type covering
the area, or if there were few plants and animals over all. He encouraged his students to record
specific data such as numbers of plant types or descriptive words from their word bank.
Once the class returned to the classroom, Mr. B led a Talking Points activity to help his
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students bolster their learning and understanding. In this activity, Mr. B wrote a series of
statements related to the lesson’s learning goals, and students had to agree or disagree with
the statement, using evidence to support their stance.
Mr. B wrote the statements on a piece of paper and using the document camera, revealed
one at a time. Both to prompt all students to include their rationale and/or evidence in their
responses and to support ELs who may need help structuring their responses, Mr. B included
sentence frames:
•

Some habitats have more plants and animals than others. (I agree/disagree that some
habitats have more plants and animals than others because ____________.)

•

An animal’s habitat helps it to survive, or live. (I agree/disagree that an animal’s
habitat helps it to survive because ____________.)

•

Humans have no impact on animal habitats. (I agree/disagree that humans have no
impact on animal habitats because ____________.)

•

Humans can help make animal habitats healthier. (I agree/disagree that humans can
help make animal habitats healthier because ____________.)

After he uncovered each statement, Mr. B asked the students to turn and talk with their
thinking buddies. He encouraged students to use data from their nature walk to support their
statements. Mr. B made a point to listen to all of his students’ conversations, but he took
special care to ensure his EL students had understood the task and were actively participating.
As students shared out, Mr. B charted their ideas because he wanted students to be able
to use these ideas when they made their posters. He didn’t write the exact words the students
said. Instead, he worked with students to jointly construct statements, making sure to capture
students’ intended meaning in error-free, grammatically sound sentences. He created an
anchor chart for each statement that included different pieces of evidence students gave to
support their ideas. Two sample anchor charts for the statements are shown below.
Statement: Some habitats have more

Statement: Humans have no impact on

plants and animals than others.

habitats.

We agree!

We disagree!

• We observed many different types of

• People paved the parking lot so no trees

plants and animals in the park. There
were at least five different types of
trees and we counted six squirrels and
four kinds of different birds.
• We observed almost no plants or
animals in the parking lot. Some weeds
grew through cracks. Only one bird was
standing on the edge of the parking lot.

are left there. Without trees, many animals have no home.
• People killed milkweed with weed killer.
Monarchs need milkweed to survive.
Milkweed is important to the monarch
habitat.
• People build whole cities and the animals
have to find somewhere else to live.

After Mr. B had worked with his students to create each of the three anchor charts, he
challenged them to come up with ideas about what they as individuals or as a class might do
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to decrease the effects of human activities on the habitats of plants and animals (EP&C V). Mr.
B’s class came up with many great ideas, such as the following: plant milkweed in the school
garden; use less paper so we have to cut down fewer trees; and pick up trash from the park.
Mr. B charted these ideas as well, leaving them up as support for students when they create
their own lists of suggestions for their posters. Mr. B encouraged his students to justify the
merit of their solution with evidence from their investigations.
Mr. B concluded that students were prepared to move into writing. He wanted to support
his students in successfully writing an informational report, so he brought out a model text
that he had created. Mr. B wanted to help his students learn about the features of the type of
text they would write, but he wanted students to use their own ideas for the text they would
write independently. So the model text was written in the style of an informational report, but
on a subject the class studied earlier in the year— what plants and animals need to survive.
The class examined the purpose of the text (to provide information), as well as the parts of
the text, including the claim (general topic statement), followed by several pieces of data from
investigations and details that support the claim, and then a concluding statement.
Before releasing students to write on their own, Mr. B led his students through jointly
constructing a text on a closely related topic: How does its habitat help an animal survive? The
students were sitting on the carpet next to their thinking buddy while Mr. B wrote the text on
chart paper. The class decided to focus its informational report on one animal with which the
students were all familiar—the monarch butterfly. Mr. B helped his students refine their thinking
and phrasing, as necessary, as they worked to jointly construct an informational report.
Mr. B: We first have to tell our reader what we’re going to be writing about. What
could we say? (He gives students about 10 seconds to think.)
Npaim: We could say we’re going to tell you all about monarch butterflies!
Mr. B: That’s certainly accurate! I wonder if there’s a way that we can tell our readers

a little bit more.
Npaim: Oh! Their habitats. We’re going to tell you all about the habitat of the

monarch butterfly.
José Luis: Yes, they have to have…what’s it called? That milk plant?
Adriana: Umm…milkweed!
Mr. B: Thank you for sharing your ideas! Let’s see if we can turn that into a sentence

that makes us sound like scientists. What if we write, “The monarch butterfly
depends on—that’s another way to say has to have—milkweed to survive?”
Npaim: But, we didn’t use habitats.
Mr. B: Thank you for that observation. Let’s make sure we use the word habitat. Does

anyone have any ideas on how to use the word habitat here?
Mr. B continued to facilitate the discussion as he and the class jointly construct the text,
paying careful attention to the structure, thus “apprenticing” his students into using the
language of science.
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Mr. B continued to facilitate the discussion as he and the class jointly construct the text,
paying careful attention to the structure, thus “apprenticing” his students into using the
language of science. Once they had jointly constructed the text, Mr. B released most of the
class to independently write the informational report that would go on their posters. He directed
the students to the anchor charts on the walls as well as the Word Wall. His students also knew
that they could rely on one another as resources when they were writing. While most of the
class was writing independently, Mr. B pulled a small group—his students at the early Emerging
level of English language proficiency and two other students whom he has determined need
additional, individualized support with their writing. With these students, he provided greater
scaffolding throughout the writing process, first by helping them brainstorm and outline their
ideas and then with more one-on-one support as they constructed their informational reports.
Once students had finished their informational reports, Mr. B led the class through
a peer review, in which each student compared their informational report with that of
another student. Mr. B told the students that they should compare how evidence from the
investigations was used in the text. Was it convincing? Was there enough evidence? Did the
evidence fit with the claim (appropriate)? He also asked students to compare the logic used to
connect the evidence to the claim. Was it convincing? Mr. B provided a checklist of the features
each report should include to assist students as they worked together, and he rotated around
the room as students shared and discussed their writing, providing assistance as needed. He
then delivered a mini-lesson on expanding their writing by including additional evidence, after
which each student expanded at least one sentence in their informational reports.
Once students had finished revising their informational reports, they finished their posters
by writing a list of ways humans can help restore or protect animal habitats (EP&C V). They
also found pictures and drew illustrations that showed the animals and habitats they wrote
about. The students presented their posters to their parents at the school’s Family Science
Exhibition Night. They led their families on a gallery walk of the classroom, serving as docents,
as they explained the posters and helped them conduct some science investigations at the
many stations around the room.
Collaborative Research Projects and Engaging the Local Community
Investigative phenomenon: How can humans reduce their impact on local wildlife?

After researching and creating posters about the monarch butterfly and its habitat, the
class delved into collaborative research projects in small groups (three to five children in
each group). Mr. B invited several speakers to share their knowledge with the class, including
a wildlife biologist from the local university and a docent from a local wildlife conservation
center. After hearing and reading about different animal habitats that are under threat from
human impact, in their small research groups, the children selected a California animal habitat
under threat, researched it together, and individually wrote letters to the editor of the local
newspaper to inform the public and engage them in thinking about environmental protection.
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To learn how to write effective letters to the editor (arguments), Mr. B supported the students
as they analyzed published letters written by other students in grades three through five, such
as the following:
Balance wildlife and energy needs
Wind power is both a valuable source
of renewable energy and a terrible threat to
birds and bats. Wind turbines—located in the
Altamont Pass, Tehachapi Mountains and the
Montezuma Hills—kill birds in flight and they
take up valuable habitat.
Wind turbines kill roughly 108,000
birds and thousands of bats each year
in California. A recent study published in
Biological Conservation says that while 10
percent of the United States’ wind energy
is produced in California, 46 percent of all
yearly wildlife kills are caused by California’s
wind turbines.
Although there are other causes of bird
deaths— like collisions with telephone wires
and buildings and attacks by house cats
and feral cats —turbines are an important
problem, especially for raptors, which glide
with the wind and are often found in windy
places where the turbines are located.
California Department of Fish and Wildlife
biologist Elliot Chasin says one solution is to
locate wind farms in altered lands far from
nesting habitats. Using shrouded turbines
also helps birds avoid the blades. You can
help by telling your elected officials that it
is important to balance the needs of wildlife
with the needs for renewable energy.
Braeden Ingram
Fifth grader
Korematsu Elementary School

Pesticides can do great harm
My name is Emily Jiang and I am part
of my school Nature Bowl team. I am
currently working on an environmercial.
That is an environmental report on a local
issue. My issue is biomagnification and
bioaccumulation of legacy pesticides.
Just to be clear, biomagnification is the
increasing concentration toxins as they
moves up a food chain. Bioaccumulation is
the increasing concentration of a toxin from
the environment to the first organism in a
food chain. Legacy pesticides are a group
of banned pesticides that include dichlorodiphenyltrichloroethane (DDT), the chlordanes
and dieldrin. So if you put them together, it
equals an amazing but deadly link.
Here’s an example: If a sufficient
amount of DDT was sprayed on a marsh to
control mosquitos, then plankton will eat
that, and then a clam will eat that plankton,
and then a gull will eat that clam.
But then the amount of DDT in that gull
will be lethal, killing that bird.
You see how big of a problem this is.
But many people don’t. They think that
when they spray a pesticide onto some
grass, or on a marsh, at most it will harm
a small insect. That can cause a huge
blowout, which will end up harming a much
larger and threatened organism.
There are plenty of ways I am going to
help. The best way will be to raise awareness.
But what you can do is to tell your friends
how big of a problem this is, and have them
tell their friends. Hopefully, this will make
people think twice about using dangerous
pesticides like the legacy pesticides.
Thank you very much for taking part in
helping our society.
Emily Jiang
Davis

(Ingram 2014, Jiang 2014)
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Some of the letters to the editor called for people to spread the word or call their local
representatives. Others provided suggestions for taking action in daily life. Mr. B and the
parent volunteers took care to avoid influencing the position that students were taking, limiting
their guidance to supporting the development of students’ writing skills. Students, working in
small groups, completed appropriate editing and revision; then they had writing conferences
with Mr. B and parent volunteers (over the course of the next several months), each of the
children’s letters was published in the local newspaper and/or an online venue. In addition,
the children were inspired by some of the letters they read to produce their own short
environmercials, which the principal of their school posted to the school Web site.
Teacher Reflection and Next Steps
During all of the conversations and tasks, Mr. B had been observing his students carefully
so that he could plan appropriately for their learning for the rest of the instructional segment.
He saw that some of his students were having trouble using sufficient details in their writing,
while others were veering from the topic. This prompted him to incorporate more tasks
into future lessons to help his students use more details and stick more closely to the topic
they were writing about. He knows from analyzing student writing and monitoring their
conversations that most students understood the big ideas of the lesson, so he planned
to design and implement more well-rounded lessons in which students have multiple
opportunities to interact with one another as they work with science concepts in a real-world
context.
During designated ELD time, Mr. B also used his observations, notes, and the CA ELD
Standards to plan focused language development lessons that built into or extended from his
integrated lessons. He had noticed that the EL students at the Emerging level of ELD were
using more everyday and social language but needed more support with academic vocabulary.
He planned several vocabulary lessons for designated ELD time so that students had a range
of opportunities to use the target general academic (Tier 2) and domain-specific (Tier 3)
words, as well as lessons that look specifically at language features used within informational
reports (e.g., subheadings to organize information, present tense, etc.).
Resources:
California Education and the Environment Initiative. 2013. Cycle of Life. Sacramento: Office of
Education and the Environment. http://www.cde.ca.gov/ci/sc/cf/ch4.asp#link28.
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———. 2013. Habitats Map. Sacramento: Office of Education and the Environment. http://www.
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Introduction to Grades Six Through Eight

T

he California Next Generation Science Standards (CA NGSS) define
two possible progressions for the middle grades: the Preferred
Integrated Course Model (Integrated Model), which interweaves

science disciplines in a developmentally appropriate progression; and the
Discipline Specific Course Model, in which each grade level focuses in depth
on a different science discipline.
The two models differ only in the sequence; every student is expected to
meet each middle grades’ performance expectation (PE) by the end of the
grade. “Sequence” here refers to in which course (grade six, seven, or eight)
a particular performance expectation is mastered; this framework makes
no requirements about the order in which performance expectations are
taught within a given year. The example course sequences in this framework
describe possible storylines but are not the only way.
Table 5.1 compares disciplinary core ideas (DCIs) that are emphasized
in the performance expectations required at each grade level in the two
models. For both models, all eight science and engineering practices
(SEPs) are developed and all seven crosscutting concepts (CCCs) are

highlighted at all grade levels (although each lesson may focus on only one
or two, and each year may emphasize a particular subset).
As districts consider the progression that works best for their resources
and local context, they should be aware of the historical context, rationale
for each model, and potential limitations of each. This chapter outlines some
of those issues.

Historical Background
The CA NGSS are aligned to the nationally developed NGSS. This
nationwide effort specified performance expectations for each year:
kindergarten through grade five. However, in the middle grades, the
performance expectations were presented for the entire grade span: grade
six through grade eight. Because California adopts instructional materials
for kindergarten through grade eight on a statewide basis, performance
expectations had to be placed at specific grade levels—sixth, seventh, and
eighth. Therefore, the State Superintendent of Public Instruction (SSPI)
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recommended that the State Board of Education (SBE) adopt specific placement of the
performance expectations for the middle grades at each grade level.
The SSPI convened the Science Expert Panel comprised of kindergarten through grade
twelve teachers, scientists, educators, business and industry representatives, and informal
science educators. This panel evaluated a range of options for the appropriate organization
and sequence of the performance expectations. The public provided feedback to the Science
Expert Panel via three open forums and a webinar. The Science Expert Panel concluded that
an integrated model for grades six through eight would be the most effective model for
optimizing student learning of the CA NGSS; the panel subsequently reviewed the national
model developed by Achieve (2010), and adapted it to better align with California’s needs
and recommended only the Integrated Course Model to the SBE. The full list of events that
led to the adoption of the Preferred Integrated Course Model is described at the California
Department of Education (CDE) Web site: http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link1. On
November 6, 2013, the SBE unanimously passed the following motion: “To adopt the CDE
staff recommendation that the SBE adopt the proposed integrated model as the preferred
model for middle grades (6, 7, and 8) science instruction, and requested that the CDE
reconvene the Science Expert Panel to develop as an alternative model a discipline specific
model based upon the domain specific model outlined by Achieve in the NGSS appendix K.”
In December 2014, the Science Expert Panel reconvened to develop the Discipline Specific
Model of the CA NGSS.
The board’s intent in their November 2013 action was to establish one integrated model
in California for grades six through eight that was preferred by both the SSPI and the SBE
and one discipline specific model as an alternative.
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Table 5.1. Comparison of When DCIs are Primarily Addressed in the Two Middle
Grades Models

EARTH AND SPACE SCIENCE

blank

DISCIPLINARY CORE
IDEA

SUBTOPIC

Earth’s Place in the
Universe
Earth’s Systems

LIFE SCIENCE

6

6

Universe, Stars, Solar
System

x

x

History of Planet Earth

x

x

Water Cycle, Weather,
Climate

Earth and Human
Activity

Global Climate Change
Causes

7

x
x
x

x
x

x

Natural Hazards

x

x
x

Ecosystems: Interactions, Energy, and Dynamics
Sexual Versus Asexual
Reproduction

x
x

x

x

x

x

x

Mutations
Biological Evolution: Unity and Diversity
Matter and its
Interactions

x

x

Photosynthesis and
Respiration

8

x

Resources Availability

Cells & Body Systems

7

x

Resource Consumption

Heredity: Inheritance
and Variation of Traits

Discipline
Specific

8

Rock Cycle, Plate Tectonics

From Molecules to
Organisms: Structures
and Processes

PHYSICAL SCIENCE

Preferred
Integrated

x

x

x

x

Atoms, Molecules, States of
Matter

x

x

Chemical Reactions

x

x

Motion and Stability: Forces and Interactions
blank

Kinetic Energy and
Collisions

x

blank

Heat and Heat Flow

x

blank

Potential Energies & Gravity

x

x

x

x
x

Waves and Their Applications in Technologies
for Information Transfer

x

x

x

x

ETS

Every course includes integrations with ETS

x

x

x

x

x

x

SEP

Every course utilizes all eight SEPs

x

x

x

x

x

x

CCC

Every course highlights all seven CCCs

x

x

x

x

x

x
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Learning from Other Successful Countries
The Science Expert Panel preferred the Integrated Model based in part on evidence from
other countries and provinces. Analyzing the science standards of ten countries that produce
significant scientific innovations and produce high scores on international benchmark
tests, Achieve (2010) found that all ten of these countries use an integrated science model
through the middle grades, and seven of the ten countries keep science integrated all the
way through grade ten. Summarizing qualitative trends from their analysis, Achieve (2010)
concluded, “Standards based around ‘unifying ideas’ for Primary through Lower Secondary
seem to confer more benefits than a discipline-based structure.” This statement articulates
part of the rationale behind the seven crosscutting concepts from the CA NGSS that link
together all disciplines of science and engineering. Because these CCCs cannot be explained
within a single context or even a single scientific discipline, the SBE adopted the Integrated
Model as the preferred model.

Matching University Training with Middle Grades Teaching
Many science teachers receive a university degree in a specific discipline of science
within a specific university department (e.g., biology, chemistry, physics, geology), so they
are expected to have stronger content knowledge in that field. Linda Darling-Hammond
summarized the research on the weak but measurable link between a teacher’s subject
matter knowledge and student achievement by saying that “the findings are not as strong
and consistent as one might suppose … [perhaps] because subject matter knowledge is a
positive influence up to some level of basic competence in the subject but is less important
thereafter” (Darling-Hammond 2000). Teachers with a general science certification teaching
the middle grades exceed that basic level of competence in all sciences and should be able
to teach effectively in both models. Perhaps more important than university learning within
a discipline is the pedagogical content knowledge (PCK) learned from years of experience
teaching a specific subject area. Some of this PCK is discipline specific (such as awareness
of specific preconceptions within one’s discipline) (Sadler et. al. 2013), but much of it relates
to SEPs and CCCs that span all disciplines of science and will transfer fluidly from one
course model to the other. It was the judgment of the Science Expert Panel that teachers
will remain highly qualified to teach in both the Integrated and Discipline Specific Models.

Sequencing in a Developmentally Based Learning Progression
The CA NGSS are intentionally designed so that students slowly build up knowledge and
skills in all three dimensions, addressing more sophisticated challenges or revisiting simple
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ones at a deeper level as they progress through the grades. Achieve also noted that even in
exemplary standards, most countries paid insufficient attention to developmental learning
progressions. They suggest, “Developers of new standards will need to tease out the
prerequisite knowledge and skills, to provide a conceptual basis for understanding” (Achieve
2010). Appendix E of the CA NGSS spells out the developmental progression of ideas within
each domain, but there is also prerequisite knowledge from one domain that is applied
in a separate domain within the CA NGSS. For example, it is difficult to fully understand
photosynthesis, respiration, and how matter is rearranged as organisms consume other
organisms without a firm understanding of atoms, molecules, and chemical reactions. In the
Discipline Specific Model, the life science DCIs appear in grade seven, but core ideas about
the nature of matter are not introduced until grade eight. The Integrated Model was arranged
with this sequencing in mind, and the prerequisite knowledge is often placed within the same
course so that it can be taught alongside the application. Successful implementation of the
Discipline Specific Model will require some remediation of the missing prerequisite knowledge,
and the specific courses in this framework identify when these situations occur in each course.

Introduction to the Preferred Integrated Course Model for
Grades Six through Eight
The Preferred Integrated Course Model (Integrated Model) provides a unique opportunity
for teachers to truly address real-world phenomena, ask questions, and seek answers
to those questions without regard to disciplinary boundaries. In reality, all objects obey
the laws of physics, are made of chemical matter, interact with other parts of the Earth
and space system, and are ultimately observed by us as living beings. Many professional
scientists do have disciplinary specializations, but more and more of these barriers are being
broken by interdisciplinary research.
The Integrated Model also supports the CA NGSS vision of a strong developmental
progression where students spiral through the curriculum, revisiting ideas in increasing
complexity and detail. Complex scientific problems exist within all the domains of science and
engineering, and the Integrated Model places the most complex phenomena at the end of
the grade span when students are most ready to face them. Students undergo considerable
growth from grades six through eight; it makes the most sense to capitalize on their growth.
Integration was built directly into the architecture of the CA NGSS with the dimension
of crosscutting concepts (CCCs) . These ideas provide a common thread to all domains.
Deep understanding of the CCCs (along with the science and engineering practices or SEPs )
provides a firm foundation for students to pursue future science in any discipline. This course
2016 California Science Framework
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emphasizes the CCCs, including a strong focus on systems [CCC-4] at the beginning of
grade six and culminating with stability and change [CCC-7] by the end of grade eight (with
all the other CCCs embedded along the way). This course is designed to be an integrated
course, as opposed to a coordinated science course (table 5.2): “Simply stated, the difference
between coordinated and integrated is the type of connections that can be made between and
among the various fields of science” (Sherriff 2015). Coordinated science delivers the different
domains of science in succession, while a true integration both introduces and teaches related
content to answer a single question about a phenomenon within science.
Table 5.2. Integrated Versus Coordinated Science
INTEGRATED

COORDINATED

Every science every year.

Every science every year.

Performance expectations are bundled
according to natural connections between
them and enable learning about the
connections in addition to what is discipline
specific.

Performance expectations are bundled
according to discipline, resulting in learning
that is mostly discipline specific.

Connections between science disciplines are
clearly made for and by students.

Connections have to be “remembered” by
the student and the teacher.

Examples outside of a particular discipline are
given when appropriate.

Examples within a particular discipline are
normally given.

A few examples:

A few examples:

•

•

•

Astronomy is taught in conjunction with
gravity and forces. The connections and
applications of physics are applied to
astronomy.
Heat (physics) is taught at the same time,
using climate and weather as the applied
examples.
Light and the chemistry of photosynthesis
are all taught in an interconnected
presentation.

•

•

•

Astronomy is taught conceptually with
gravity and forces taught in separate units
that may not connect to astronomy.
Heat is taught as a separate physics unit.
Climate and weather are taught as a
separate unit.
Light is taught as a separate unit as strictly
physics with no connections to life science
needed.

Source: Sherriff 2015

Purpose and Limitations of this Example Course
The CA NGSS do not specify which phenomena to explore or the order to address topics
because phenomena need to be relevant to the students that live in each community
and should flow in an authentic manner. This chapter illustrates one possible set of
354

Chapter 5

2016 California Science Framework

Preferred Integrated Course Model for Grades Six Through Eight
phenomena that will help students achieve the CA NGSS performance expectations (PEs).
The phenomena chosen for this statewide document will not be ideal for every classroom
in a state as large and diverse as California. Teachers are therefore encouraged to select
phenomena that will engage their students and use this chapter’s examples as inspiration
for designing their own instructional sequence.
In this chapter’s examples, each year is divided into instructional segments (IS) centered
on questions about observations of a specific phenomenon. Different phenomena require
different amounts of investigation to explore and understand, so each instructional segment
should take a different fraction of the school year. As students achieve the performance
expectations within each instructional segment, they uncover disciplinary core ideas
(DCIs) from the different fields of science (physical science, life science, and Earth and

space science) and engineering. Students engage in multiple practices in each instructional
segment, not only those explicitly indicated in the performance expectations. Students also
focus on one or two CCCs as tools to make sense of their observations and investigations;
the CCCs are recurring themes in all disciplines of science and engineering and help tie
these seemingly disparate fields together. The SEPs, DCIs, and CCCs grow in sophistication
and complexity throughout the K–12 sequence. While this chapter calls out examples of
the three dimensions in the text using color-coding, each element should be interpreted
with this grade-appropriate complexity in mind (appendix 1 of this framework clarifies
the expectations at each grade span in the developmental progression). Engineering,
technology, and application of science (ETS1) are a fundamental part of each course. As
students explore their environment during this grade span, they develop their growing
understanding of the interconnections and interdependence of Earth’s natural systems and
human social systems as outlined in California’s Environmental Principles and Concepts
(EP&Cs). All three of the CA NGSS dimensions and the EP&Cs will prepare students to
make decisions about California’s future and become sources of innovative solutions to the
problems the state may face in the future.

Essential Shifts in the CA NGSS
The 1998 Science Content Standards for California Public Schools: Kindergarten
Through Grade Twelve (1998 CA Science Standards) were written at a low cognitive level
(“Students know … ”), with some attention paid to the process of science as a separate set
of Investigation and Inquiry standards. In the CA NGSS, every performance expectation
is “three-dimensional,” meaning that it requires proficiency in SEPs alongside a deep
understanding of DCIs and the ability to relate these ideas to CCCs that are common across
the domains. As a result, instructional materials and strategies must shift.
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Some have described the CA NGSS as having more depth and less breadth, but that
may not be a precise description. In many of the instructional segments of these middle
grades courses, students may be expected to know fewer details about phenomena than
they did in the 1998 CA Science Standards, with the focus shifted to richer reasoning and
more opportunities to apply knowledge. These details are not missing from the CA NGSS,
but they have been moved from the middle grades to high school, where they are more
developmentally appropriate. The level of detail builds slowly. Teachers often complain
that students do not remember concepts from year to year, but perhaps this forgetting is
a consequence of teachers’ desire to provide self-contained instructional segments that
answer all the questions raised by the time of the test, just like a 30-minute episode of a
sitcom on television. The CA NGSS is more like a long-running drama series with a number
of interweaved storylines that develop over years. In order to accomplish this slow build
up, teachers likely will have to make major modifications to some of their favorite lessons
or even leave them behind because those lessons focus on providing all the “answers,”
situations in which students memorize the details and jargon that represent the current state
of understanding of science by scientists. The time they used to spend on those parts of the
lessons will instead be invested in asking students to apply their mental models [SEP-2] of
the physical world, like scientists grappling with new situations, and to talk like scientists
not by using scientific words but by being able to provide evidence [SEP-7] to support
their claims. Districts and schools will need to invest in significant resources for professional
learning to help teachers make these modifications in supportive, collaborative environments.

Grade Six Preferred Integrated Course Model
This section is meant to be a guide for educators on how to approach the teaching of
the California Next Generation Science Standards (CA NGSS) in grade six according to the
Integrated Model (see the introduction to this chapter for further details regarding different
models for grades six, seven, and eight). It is not meant to be an exhaustive list of what
can be taught or how it should be taught.
A primary goal of this section is to provide an example of how to bundle the performance
expectations into integrated groups that can effectively guide instruction in four sequential
instructional segments. There is no prescription regarding the relative amount of time to
be spent on each instructional segment. As shown in figure 5.1, the overarching guiding
concept for the entire year is “Systems within organisms and between them are adapted to
Earth’s climate systems.”
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1

2

3

4

All living things are
made of cells.
The body is a system
made of interacting
subsystems.

Blank

Variations of inherited strains arise from
genetic differences.
Genetic traits and local
conditions affect the
growth of organisms.
Organisms rely on their
body structures and
behavior to survive long
enough to reproduce.

Local conditions
affect the growth of
organisms.
Organisms rely on their
body structures and
behavior to survive,
but these adaptations
may not be enough to
survive as the climate
changes.

Water cycles among
the land, ocean, and
atmosphere.
Weather and climate
involve interactions
among Earth’s
subsystems.

The movement of water
and interacting air
masses helps determine
local weather patterns
and conditions.
The ocean has a strong
influence on weather
and climate.

Energy input from the
Sun varies with latitude,
creating patterns in
climate.
Energy flow through
the atmosphere, hydrosphere, geosphere, and
biosphere affects local
climate.
Density variations drive
global patterns of air
and ocean currents.

Human changes to
Earth’s environment can
have dramatic impacts
on different organisms.
Burning fossil fuels is a
major cause of global
warming. Strategic
choices can reduce the
amounts and impacts of
climate change.

Blank

Temperature measures
the average kinetic
energy of the particles
that make up matter.
Energy transfers from
hot materials to cold
materials.
The type and amount
of matter affects how
much an object’s temperature will change.

The type and amount
of matter affects how
much an object’s
temperature will
change.

Blank

Design criteria.
Evaluate solutions.

Design criteria.
Evaluate solutions.
Analyze data.
Iteratively test and
modify.

Blank

Design criteria.
Evaluate solutions.
Analyze data.

A cell, a person,
and planet
Earth are each a
system made up of
subsystems.

Engineering, Technology,
and Applications to
Science (ETS)

Physical Science (PS)

Earth and Space
Sciences (ESS)

Life Science (LS)

Instructional
Segment

Figure 5.1. Integrated Grade Six Storyline
Guiding Concept: Systems within organisms and between them are adapted to Earth’s climate systems.
Weather
conditions result
from the interactions
among different
Earth subsystems.
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climates strongly
influence regional
plant and animal
structures and
behaviors.

Human activities
can change the
amount of global
warming, which
impacts plants and
animals.
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In IS1, students define systems and system models [CCC-4] and apply these ideas
to different Earth science and life science contexts. A key understanding from IS1 is
that systems [CCC-4] are made of component parts that interconnect with each other.
Moreover each of the component parts is itself a system that is made of component parts.
This notion of systems within systems within systems (also called nested systems) is
particularly apparent in analyzing a “human being system” that is made of components
called body systems (e.g., the circulatory system) that are made of organs (e.g., the heart)
that are made of tissues that consist of different kinds of cells.
In IS2, students explore California weather from the perspective of the flow of
energy and cycling of matter [CCC-5] within a system [CCC-4] . In grade five,

students developed models [SEP-2] of how Earth’s systems interact (IS1 reviews the
systems). They also explored the reservoirs of the water cycle. In IS2 students deepen
their understanding by analyzing the processes of the water cycle and the physical science
underlying these processes. These Earth science and physical science concepts are then
applied to understanding weather in different California regions. Patterns [CCC-1] of
temperature and precipitation are causally related [CCC-2] to geographical features such
as proximity to the ocean, latitude, altitude, and proximity to mountains. The water cycle is
also important conceptually because of its central role in weather phenomena and because
it provides an example of a property of a whole system [CCC-4] that is different than the
properties of its parts.
Instructional segment 3 extends the students’ investigations to the more general level of
regional climate in different parts of the planet. At the level of climate, students can correlate
the cause and effect [CCC-2] relationships that determine regional climate patterns and
the circulation of matter and energy [CCC-5] by the atmosphere and ocean. Students
also correlate cause and effect [CCC-2] relationships between the climate of a region and
the structures and behaviors of plants and animals that live in that region. Regional climate
provides another compelling example of a property of a whole system [CCC-4] .
Instructional segment 4 concludes the year by scaling [CCC-3] from the regional
climate level to the level of global warming. In previous instructional segments, students
had several opportunities to design solutions to problems primarily from engineering and
technology perspectives. During IS4, they have opportunities to work on projects related
to monitoring an environmental issue and designing solutions [SEP-6] to reduce the
impacts related to that issue. Global climate change provides many opportunities to further
develop and apply skills relating to the technological and scientific aspects of solving societal
problems. Global climate change also provides a real-world context where some of the
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criteria and constraints can involve social motivations and patterns of behavior that must be
considered as part of the design in solving a problem.

Integrated Grade Six Instructional Segment 1:
Systems and Subsystems in Earth and Life Science
The CCC of Systems and System Models [CCC-4] is a useful tool that can help
learners to connect ideas both within a topic and across science disciplines. Chapter 1, the
overview of this framework, provides a detailed definition of systems [CCC-4] in the CA
NGSS. In brief, systems are a just a way of thinking about a small section of the world and the
objects and processes that occur within that section. In this instructional segment, students
practice defining systems, recognizing their components, and describing how they interact
using examples at a range of scales from cells to organisms to the entire planet Earth.

INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 1:
SYSTEMS AND SUBSYSTEMS IN EARTH AND LIFE SCIENCE
Guiding Questions
• How are living systems and Earth systems similar and different?
• What is the value of creating a systems model?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS1-2. Develop and use a model to describe the function of a cell as a whole and ways
parts of cells contribute to the function. [Clarification Statement: Emphasis is on the cell
functioning as a whole system and the primary role of identified parts of the cell, specifically
the nucleus, chloroplasts, mitochondria, cell membrane, and cell wall.] [Assessment Boundary:
Assessment of organelle structure/function relationships is limited to the cell wall and cell
membrane. Assessment of the function of the other organelles is limited to their relationship to
the whole cell. Assessment does not include the biochemical function of cells or cell parts.]
MS-LS1-3. Use argument supported by evidence for how the body is a system of interacting
subsystems composed of groups of cells. [Clarification Statement: Emphasis is on the conceptual
understanding that cells form tissues and tissues form organs specialized for particular body
functions. Examples could include the interaction of subsystems within a system and the
normal functioning of those systems.] [Assessment Boundary: Assessment does not include the
mechanism of one body system independent of others. Assessment is limited to the circulatory,
excretory, digestive, respiratory, muscular, and nervous systems.]
MS-LS1-8. Gather and synthesize information that sensory receptors respond to stimuli by
sending messages to the brain for immediate behavior or storage as memories. [Assessment
Boundary: Assessment does not include mechanisms for the transmission of this information.]
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 1:
SYSTEMS AND SUBSYSTEMS IN EARTH AND LIFE SCIENCE
MS-ESS2-4. Develop a model to describe the cycling of water through Earth’s systems driven
by energy from the sun and the force of gravity. [Clarification Statement: Emphasis is on the
ways water changes its state as it moves through the multiple pathways of the hydrologic cycle.
Examples of models can be conceptual or physical.] [Assessment Boundary: A quantitative
understanding of the latent heats of vaporization and fusion is not assessed.]
MS-ESS2-6. Develop and use a model to describe how unequal heating and rotation of the
Earth cause patterns of atmospheric and oceanic circulation that determine regional climates.
[Clarification Statement: Emphasis is on how patterns vary by latitude, altitude, and geographic
land distribution. Emphasis of atmospheric circulation is on the sunlight-driven latitudinal
banding, the Coriolis effect, and resulting prevailing winds; emphasis of ocean circulation is on
the transfer of heat by the global ocean convection cycle, which is constrained by the Coriolis
effect and the outlines of continents. Examples of models can be diagrams, maps and globes, or
digital representations.] [Assessment Boundary: Assessment does not include the dynamics of
the Coriolis effect.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine how
well they meet the criteria and constraints of the problem.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.A: Structure and Function

[CCC-2] Cause and Effect

LS1.D: Information Processing

[SEP-2] Developing and Using
Models

ESS2.C: The Role of Water in
Earth’s Surface Processes

[CCC-3] Scale, Proportion,
and Quantity

[SEP-3] Planning and Carrying
Out Investigations

ESS2.D: Weather and Climate

[CCC-4] System and
System Models

[SEP-7] Engaging in Argument
from Evidence

ETS1.A: Defining and
Delimiting Engineering
Problems

[CCC-5] Energy and
Matter: Flows, Cycles and
Conservation

[SEP-8] Obtaining, Evaluating,
and Communicating Information

ETS1.B: Developing Possible
Solutions

[CCC-6] Structure and
Function

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 1:
SYSTEMS AND SUBSYSTEMS IN EARTH AND LIFE SCIENCE
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: 6.EE.9
CA CCSS for ELA/Literacy Connections: RST.6–8.1, R.I.6.8, WHST.6–8.1, 7, 8, 9, SL.6.
CA ELD Connections: ELD.PI.6.6a–b,10, 9, 11a

The scientific definition of a system differs from the everyday language definition.
Students often equate systems with cycles such as a life cycle or a collection of orbits like
the solar system. Rather than learning terminology and definitions first, students begin this
instructional segment by exploring a situation that exemplifies the key features of systems.
Students obtained information [SEP-8] about the massive experiment called Biosphere
2, where scientists placed plants, animals, and people in an airtight glass building to see
what challenges they faced as they tried to survive together as a system. As an anchoring
phenomenon for this unit, students learn about how the project failed when oxygen levels
were unsafe and some animals died. After watching a short video that describes some of
the events that occurred in the Biosphere experiment, students consider the question, What
did the scientists in the Biosphere need to survive and where did they get it? For food, the
people ate fish, But what did the fish need to survive and where did they get it? As students
draw a system model [SEP-2] that traces out the exchange of energy and matter, they
grapple with the key features of systems [CCC-4] : boundaries, components, interactions,
inputs/outputs, and one or more system properties.
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Opportunities for ELA/ELD Connections
Have students explore the classroom and find examples of what they predict are systems
(e.g., sound, computer, body, ecosystems). Provide students with a graphic organizer
that has them write the reasons they consider it a system, using words, phrases or
sentences depending on their level of English proficiency. Place students in groups,
and using their graphic organizer, have students take turns reporting the information
they gathered. Next, have them read an appropriate science text and identify the five
features of systems within the text. Using evidence from text and language frames that
either confirm or refute it as a system, have them discuss the connections they gathered
between their classroom example and textual evidence, including a definition. Ask students
in their groups to revisit their classroom examples and reach consensus on whether or
not each meets the criteria of a system [CCC-4] based on the five important features:
boundaries, components, interactions, inputs/outputs, and one or more system properties.
CA CCSS for ELA/Literacy Standards: RST.6–8.1, 2, 4; SL.6–8.1
CA ELD Standards: ELD.PI.6–8.1, 2

Human Body Systems
Next, students focus on their own body system (figure 5.2). Explicitly discussing the
features of a system [CCC-4] is just the first step in creating a system model [SEP2] that can explain different phenomena in a human body. For example, answering the

question, Why does my heart race when I get scared? requires that students obtain
information [SEP-8] about how different components of the body interact. Students trace

the chain of interactions from the energy input to their system (via sense receptors) to
low-level interactions in the nervous system to the endocrine system (transfer of energy as
electrical impulses). The endocrine system then transfers matter into the circulatory system
(adrenaline and other hormones) that stimulates the muscular system to react, enabling
a body as a whole to run away from a dangerous situation. The brain also encodes these
perceptions as memories to anticipate future problems (MS-LS1-8).
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Figure 5.2. Features of a Human Person System

Source: From Making Sense of SCIENCE: Land and Water (WestEd.org/mss) by Folsom and Daehler.
Copyright © 2012 WestEd. Adapted with permission.

When tracing out these interactions within the body system, students uncover the
middle school understanding: “Systems may interact with other systems; they may have
subsystems and be a part of larger more complex systems” (NGSS Lead States 2013).
In other words, the components of a system are generally themselves systems that are
made of smaller components (figure 5.3). Students must be able to use examples of
body phenomena to support an argument [SEP-7] that the human body has interacting
subsystems (MS-LS3-1).
Figure 5.3. Systems Within Systems Within Systems

Body systems, such as the circulatory system, are examples of systems within systems within
systems. Source: Sussman 2000
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Engineering Connection: Designing a Better Swing
Teaching about organ and tissue donation provides opportunities to connect learning
about body systems [CCC-4] with a socially beneficial topic that also has strong
connections with engineering and technology. Donate Life California has an
informative Web site that includes educator resources, notably an Interactive Body
Tour (see Donate Life California at http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link2).
Students can work in groups to research and learn about organ and tissue
donation related to different body systems and diseases. They can create system
diagrams related to the different diseases and transplantation remedies as well as
representing the system for soliciting donors, identifying recipients, and getting the
organs/tissues to the patients in excellent condition and within the necessary criteria
and time constraints.
Students can also evaluate [SEP-8] how well the Web page motivates people to
become donors. Without a large pool of potential donors, doctors won’t be able to
provide transplants to people that need them. Sharing these issues to policy makers and
the public are important aspects of communicating science [SEP-8] . Students can also
analyze donor recruitment as a system for which they can identify constraints [SEP-1]
and propose solutions [SEP-6] to increase the number of people who volunteer to
become donors. This kind of system modeling [CCC-4] extends the crosscutting concept
beyond physical science and engineering into applications of science to social issues.

Components of subsystems can even be considered systems themselves when viewed
at a smaller scale [CCC-3] . Students can focus in on a phenomenon that requires them to
understand interactions at the level of an individual cell. For example, What happens to the
body when someone gets cancer? Doctors have figured out that cancer occurs when a cell
“malfunctions,” so students will need to know what a cell is and how it normally functions.
Students begin by performing an investigation [SEP-3] to gather evidence that living
things are made of cells and nonliving things are not (MS LS1-1). Comparing microscope
images of nonliving objects and different types of cells, students can identify similarities
and differences between each of the cells. Then they ask questions [SEP-1] about the
role of the parts they see: Why do red blood cells have no large circle in the center?
Why is a sperm cell so small and an egg so big? Why do all plant cells have a thick wall
around them but animal cells do not? Why do all plant cells have green circles in them but
animal cells do not? With scaffolding from the teacher and other resources, they use their
observations to develop a model [SEP-2] of what several parts of the cell do: the nucleus,
mitochondria, chloroplasts, cell wall, and cell membrane. The clarification statement of
MS-LS1-2 specifies this limited set of parts so that students can focus on the key structures
that facilitate energy and reproduction, and the details of other organelles will not be
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assessed in the middle grades (students will expand their model in high school as part of
the developmental progression of the CA NGSS). Students obtain information [SEP-8]
from books or media about how energy and matter [CCC-5] flow into, out of, and within
the cell system. Rather than the traditional assessment of having students label parts of the
cell, students could use a cell diagram as a template for making a system model [SEP-2]
with arrows and labels indicating energy and matter flows [CCC-5] . Students can return
to the original phenomena of cancer in the context of their model of the cell, identifying the
location where the cell malfunctions (the nucleus).
Students should not only be able to represent the system model of the cell, they should
be able to use it to explain more complicated phenomena such as why people get thirsty
when they eat salty foods. As with all systems, student can identify salt as the input of
matter and then trace the cycling of the matter between the different components of the
system (parts of the body). Using their knowledge of body systems, students can probably
trace the flow of salt from their food to their blood, but they need to ask questions [SEP-1]
about the possible causes [CCC-2] of the thirst sensation (e.g., Do you actually need to
drink, or does the salt just trigger your nervous system into thinking that you need to
drink?). As students discuss each possible cause, they use evidence to rule some of these
ideas out. They then propose investigations that could test the remaining ideas. Students
can conduct an investigation [SEP-3] to observe how cells react to water with different
concentrations of salt (using plant cells rather than animals due to safety and logistical
concerns). By thinking of the cell as a system, students can explain the shrinking of a plant
cell in saltwater by the flow of matter out of the system.
The assessment boundary for MS-LS1-2 emphasizes that students should be able to
explain the role the cell wall/membrane plays as the boundary of the cell system, and
how its structure supports this function [CCC-6] . To refine their model [SEP-2] of cell
boundary behavior, students use DCIs from physical science about how matter is made of
particles (5-PS1-1). They can represent saltwater as a mixture of particles including water
particles and “salt particles.” Which flows across the cell wall (or membrane) more easily,
water particles or salt particles? Even though a model with salt as a single particle is an
oversimplification, it is consistent with what students know and have observed. For that
reason, one could argue that applying this “incorrect’” model is more scientifically accurate
in that it exemplifies the tentative nature of scientific models built on observable evidence.
Students will revise this model of saltwater later in high school when they find that a single
“salt” particle cannot explain the electrical conductivity of saltwater.
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Earth Systems
The salt tolerance of plants is a topic for agriculture and also motivates a transition
to looking at a larger system of systems, the planet Earth. What happens to plants near
the coast when rising sea level brings salty water into the soil? Students can obtain
information [SEP-8] about saltwater intrusion in coastal aquifers as an entry point into

thinking about the entire planet Earth as a system of interacting subsystems. In grade five
students learned that planet Earth can be thought of as four major systems (table 5.3).
Some scientists argue that there should be a fifth sphere called the anthroposphere that
highlights the importance of humanity and all its creations.
Table 5.3. Earth Systems
EARTH SYSTEMS

EARTH’S MATERIALS

Geosphere

Rocks, minerals, and landforms at Earth’s surface and in
its interior, including soil, sediment, and molten rocks

Hydrosphere

Water, including ocean water, groundwater, glaciers and ice
caps, rivers, lakes, etc.

Atmosphere

Gases surrounding the Earth (i.e., our air)

Biosphere

Living organisms, including humans

While in grade five, students focused on the functioning of each individual system. In
the grade six they progress to understanding the Earth as a singular system where each
of the Earth systems they learned about in grade five is now viewed as a component or
subsystem of the larger scale planet system. Learners of all ages generally expect that
definitions, especially those in science, should be precise and either/or. For example, the
geosphere is either its own system or a component of a larger system, but not both at the
same time. Older students of science often advance beyond rigid either/or thinking toward
both/and nuances and complexity. In the case of saltwater intrusion, rising temperature
in the atmosphere exchanges energy with water in the hydrosphere causing it to warm
and expand. That water ultimately infiltrates into soil in the geosphere, where it becomes
a part of groundwater. There, plant roots bring it into the biosphere. When thinking about
Earth systems, water is commonly exchanged as output from one subsystem and input to a
different one, but water is also considered a subsystem of its own (the hydrosphere). This
ambiguity highlights how system boundaries can often be challenging to define. The person
modeling the system (scientist, teacher, student) has the freedom to choose the boundaries
of the system based upon the goal of the modeling. Table 5.4 indicates the boundaries
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that different people might choose when studying water on Earth based on different goals
of their investigations. Students also gain insight into system boundaries by explicitly
comparing the boundaries in body and cell systems to boundaries in the Earth system.
Students can practice identifying the appropriate boundaries for investigating phenomena
from other domains explored in earlier grades (e.g., What causes an egg to break when it
drops? [PS2.A] Why do animals move into the city during a drought? [LS2.C] Why is gold so
expensive? [ESS3.A]).
Table 5.4. Different System Boundaries for Investigating Water on Earth
INVESTIGATION TOPIC

SYSTEM BOUNDARY

MATTER INPUT/OUTPUT

Forecasting changes in the
water cycle due to global
warming

Planet Earth and all its
subsystems

Very little water enters or
leaves the planet

Predicting changes in sea
level for known global
warming scenarios

All Earth’s oceans and ice

Rainfall and streamflow in,
evaporation out

Tracking down the source of
pollution in a creek

An entire watershed,
including surface and
groundwater

Rainfall enters, pollution
enters, water flows out to the
ocean and evaporates

Getting freshwater for a farm

Groundwater aquifer

Water soaking in from the
surface, pumping out

Surfing at the beginning and
end of the day

A local beach, including
seafloor shape

Tidewater in/out (energy
in from waves, out from
crashing)

Cleaning a city’s sewage
before it drains into the
ocean

City sewage treatment
facility

Sewage in, clean water and
waste out

Table by Dr. Art Sussman, courtesy of WestEd

Just as the boundaries between systems can be difficult to define, the boundary
between IS1 and IS2 is also nebulous. The goal of IS1 is to deepen student understanding
of systems and system models and therefore includes systems from several disciplines.
Instructional segment 2 then goes into the details of system models of the water cycle and
weather systems.
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Integrated Grade Six Instructional Segment 2:
Earth System Interactions Cause Weather
An integrated approach to weather phenomena investigates the causes of
weather in terms of a PS understanding of energy transfer, the mechanisms of weather in
terms of ESS systems, and the effects of weather on living systems. When drawing DCIs
from all the disciplines, students apply their understanding of systems [CCC-4] from IS1.
Students will consider cause and effect mechanisms [CCC-2] at a broad range of scales
[CCC-3] from the level of particles of matter up through the entire Earth system.

INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 2:
EARTH SYSTEM INTERACTIONS CAUSE WEATHER
Guiding Questions
• Why is the weather so different in different parts of California?
• How is weather related to the transfer of energy?
• How do models help us understand the different kinds of weather in California?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-ESS2-4. Develop a model to describe the cycling of water through Earth’s systems driven
by energy from the sun and the force of gravity. [Clarification Statement: Emphasis is on the
ways water changes its state as it moves through the multiple pathways of the hydrologic
cycle. Examples of models can be conceptual or physical.] [Assessment Boundary: A quantitative
understanding of the latent heats of vaporization and fusion is not assessed.]
MS-ESS2-6. Develop and use a model to describe how unequal heating and rotation of the
Earth cause patterns of atmospheric and oceanic circulation that determine regional climates.
[Clarification Statement: Emphasis is on how patterns vary by latitude, altitude, and geographic
land distribution. Emphasis of atmospheric circulation is on the sunlight-driven latitudinal
banding, the Coriolis effect, and resulting prevailing winds; emphasis of ocean circulation is on
the transfer of heat by the global ocean convection cycle, which is constrained by the Coriolis
effect and the outlines of continents. Examples of models can be diagrams, maps and globes, or
digital representations.] [Assessment Boundary: Assessment does not include the dynamics of
the Coriolis effect.]
MS-PS3-3. Apply scientific principles to design, construct, and test a device that either
minimizes or maximizes thermal energy transfer.* [Clarification Statement: Examples of devices
could include an insulated box, a solar cooker, and a Styrofoam cup.] [Assessment Boundary:
Assessment does not include calculating the total amount of thermal energy transferred.]
MS-PS3-4. Plan an investigation to determine the relationships among the energy transferred,
the type of matter, the mass, and the change in the average kinetic energy of the particles as
measured by the temperature of the sample. [Clarification Statement: Examples of experiments
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could include comparing final water temperatures after different masses of ice melted in the same
volume of water with the same initial temperature, the temperature change of samples of different
materials with the same mass as they cool or heat in the environment, or the same material with
different masses when a specific amount of energy is added.] [Assessment Boundary: Assessment
does not include calculating the total amount of thermal energy transferred.]
MS-PS3-5. Construct, use, and present arguments to support the claim that when the
kinetic energy of an object changes, energy is transferred to or from the object. [Clarification
Statement: Examples of empirical evidence used in arguments could include an inventory or
other representation of the energy before and after the transfer in the form of temperature
changes or motion of object.] [Assessment Boundary: Assessment does not include calculations
of energy.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-3. Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

ESS2.C: The Roles of Water
in Earth’s Surface Processes

[CCC-3] Scale, Proportion,
and Quantity

[SEP-3] Planning and Carrying
Out Investigations

ESS2.D: Weather and
Climate

[CCC-4] System and
System Models

[SEP-4] Analyzing and
Interpreting Data

PS3.A: Definitions of Energy

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

PS3.B: Conservation of
Energy and Energy Transfer
ETS1.A: Defining and
Delimiting Engineering
Problems

[SEP-7] Engaging in Argument
from Evidence

ETS1.B: Developing Possible
Solutions

[SEP-8] Obtaining, Evaluating,
and Communicating Information

ETS1.C: Optimizing the
Design Solution
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 2:
EARTH SYSTEM INTERACTIONS CAUSE WEATHER
Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: MP.2, 6.RP.1, 6.SP.5
CA CCSS for ELA/Literacy Connections: SL.6.5, RST.6–8.1, 3, 7, 9 WHST.6–8.1, 7, 8
CA ELD Connections: ELD.PI.6.6a–b, 9, 10, 11a

Different parts of California experience dramatically different weather. As an anchoring
phenomenon for this instructional segment, students will consider how some parts of
California are dry with desert vegetation while others are greener and wetter. When
students examine a true color satellite image of California (figure 5.4), they notice the
effects of weather patterns: green coastal ranges, brown deserts, fluffy white clouds, and
snowcapped peaks of the Sierra. Students ask questions [SEP-1] about specific patterns
[CCC-1] that they notice and what might cause [CCC-2] them. Understanding the

processes that drive day-to-day weather can help explain these longer-term weather
patterns. The vignette below describes a learning sequence that focuses on explaining the
phenomenon of California’s climate zones drawing in DCIs from Earth and space sciences
and physical science. Students will look at this same phenomenon through a lens that also
integrates life science during IS3 and IS4.
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Figure 5.4. Satellite View of California

Source: NASA 2014

INTEGRATED GRADE SIX VIGNETTE 5.1:
INTERACTIONS OF EARTH SYSTEMS CAUSE WEATHER
Performance Expectations
Students who demonstrate understanding can do the following:
MS-ESS2-4. Develop a model to describe the cycling of water through Earth’s systems
driven by energy from the Sun and the force of gravity. [Clarification Statement: Emphasis
is on the ways water changes its state as it moves through the multiple pathways of the
hydrologic cycle. Examples of models can be conceptual or physical.] [Assessment Boundary:
A quantitative understanding of the latent heats of vaporization and fusion is not assessed.]
MS-ESS2-6. Develop and use a model to describe how unequal heating and rotation of
the Earth cause patterns of atmospheric and oceanic circulation that determine regional
climates. [Clarification Statement: Emphasis is on how patterns vary by latitude, altitude,
and geographic land distribution. Emphasis of atmospheric circulation is on the sunlightdriven latitudinal banding, the Coriolis effect, and resulting prevailing winds; emphasis of
ocean circulation is on the transfer of heat by the global ocean convection cycle, which is
constrained by the Coriolis effect and the outlines of continents. Examples of models can be
diagrams, maps and globes, or digital representations.] [Assessment Boundary: Assessment
does not include the dynamics of the Coriolis effect.]
MS-PS3-4. Plan an investigation to determine the relationships among the energy
transferred, the type of matter, the mass, and the change in the average kinetic energy of the
particles as measured by the temperature of the sample. [Clarification Statement: Examples
of experiments could include comparing final water temperatures after different masses of

2016 California Science Framework

Chapter 5

371

Grade Six Preferred Integrated Course Model

INTEGRATED GRADE SIX VIGNETTE 5.1:
INTERACTIONS OF EARTH SYSTEMS CAUSE WEATHER
ice melted in the same volume of water with the same initial temperature, the temperature
change of samples of different materials with the same mass as they cool or heat in the
environment, or the same material with different masses when a specific amount of energy is
added.] [Assessment Boundary: Assessment does not include calculating the total amount of
thermal energy transferred.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-3] Planning and Carrying Out
Investigations

ESS2.C: The Roles of
Water in Earth’s Surface
Processes

[CCC-1] Patterns

ESS2.D: Weather and
Climate

[CCC-3] Scale, Proportion
and quantity

PS3.A: Definitions of
Energy

[CCC-4] System and
System Models

PS3.B: Conservation
of Energy and Energy
Transfer

[CCC-5] Energy and
Matter: Flows, Cycles and
Conservation

[SEP-4] Analyzing and Interpreting
Data
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating, and
Communicating Information

[CCC-2] Cause and Effect:
Mechanism and Explanation

CA CCSS Math Connections: 6.NS.7b, 6.NS.8, 6.EE.9, 6.SP.4
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 4; WHST. 6–8.1, 7; SL.6.1, 2, 3
CA ELD Connections: ELD.PI.6–8.1, 9, 10b

Introduction
Weather phenomena naturally integrate all disciplines of science and engineering.
Processes usually classified as “physical science” govern the movement and changes of matter,
those classified as “Earth science” describe these processes at the macroscopic scale, and “life
science” processes describe how organisms respond to these weather conditions. Engineers
design solutions to minimize weather hazards and for building devices that gather detailed
weather data (especially satellite imagery) that helps inform other scientists.
Days 1–2: What is Smoke/Fog/Steam?
Students make observations and ask questions about a mystery material.
Days 3–4: A Watched Pot Never Boils
Students collect data about how temperature changes as ice is heated until it melts and
boils. They relate these observations to energy changes in different states of matter.
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Days 5–9: Questions about California’s Climate Zones
Groups of students research individual climate zones in California and report back to the
class. Students ask questions about what they learn.
Days 10–11: Planning an Investigation
Students plan and conduct an investigation to compare the effects of heat on water
versus air.
Day 12: Crafting an Explanation
Students create, critique, and revise a scientific explanation that explains their
observations from the previous day’s investigation.
Days 13–14: Analyzing Rainfall Data
Students make graphs showing the relationship between elevation and precipitation in
California and relate these findings to changes of state from previous days.
Day 15: Explaining California Climate
Students synthesize their understanding from the previous three weeks to re-examine
California’s climate zones and explain the patterns they see.
Days 1–2: What is that Smoke/Fog/Steam?
Anchoring phenomenon: Students confront a mystery material that they describe as
smoke/fog/steam.

In small group and whole-class discussions, students reviewed the reservoirs of the water
cycle that they learned about in grade five. They described the physical state of water (solid,
liquid, gas) in each of the reservoirs. However, even when they included the atmosphere as a
reservoir of the water cycle, students tended to emphasize liquid water in clouds rather than
the invisible water vapor gas in air.
Ms. L then got their attention by bringing out an insulated container with dry ice in it.
She poured 91 percent isopropyl alcohol into the container to create an extremely cold bath
that bubbled. Something visible formed and flowed around the insulated container. Students
described it as smoke, fog, or steam. Ms. L challenged the students to make careful, detailed
observations; to discuss these observations in small groups; and to make an evidence-based
[SEP-7] claim about the nature of the smoke/fog/steam (SFS). She pointed out that while
they were discussing, she put some small pieces of dry ice into a latex-free surgical glove, and
tied off the end of the glove. That way the gloves captured some of the mystery SFS material
so students could investigate its properties.
The students reached a general consensus that the SFS was visible, that it felt sort of cool
and moist, and that it seemed to be flowing downwards around the container. They argued
with evidence [SEP-7] that the SFS cannot be water vapor because it is visible. However,
there was much more confusion than consensus about what the SFS could be.
When Ms. L lifted the hugely expanded glove, students laughed about its shape, and wanted
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to know more about the properties of SFS. Just before Ms. L cut one of the glove fingers to
release the material, she asked students to predict what they expected to see. Ms. L never
let her students make a prediction without explaining what influenced their expectation.
She prompted students to describe what similar situation, background knowledge, and/
or observations they based this prediction upon. Ms. L cut the glove and released the
trapped material in a controlled manner. While they could see the glove deflating, students
were surprised that nothing appeared to come out. After Ms. L extinguished a lit candle by
“pouring” some of the invisible gas over it, they reached the conclusion that this material must
be a gas denser than regular air. What was the relationship between the invisible gas and
SFS? Had it somehow changed when inside the glove?
Students returned to their small groups to make a list of the most important observations
and tried again to make claims supported by evidence [SEP-7] about the nature of the SFS.
All the student groups realized that its visibility means that SFS could not be water vapor or
carbon dioxide. Gradually, discussions within the groups and then between them resulted in the
conclusion that SFS must be water drops that condense from water vapor in the air. One team
shared a model drawing [SEP-2] that they made that illustrated a progression of three stages:
1. cold carbon dioxide gas flowing over the edge of the container and then sinking
downward;
2. water vapor in the air cooling as the cold CO2 gas contacted it;
3. the cooled water vapor condensing into small drops (fog).
Investigative phenomenon: Water in a test tube freezes when placed into the dry
ice/isopropyl alcohol bath.

Ms. L concluded the lesson by putting a test tube of water with an inserted temperature
probe into the dry ice/isopropyl alcohol bath. She showed how quickly the water froze. She
called on students to read the temperature on the probe, and they noted that it was in minus
degrees Celsius, meaning that it was colder than the freezing point of water. She took the
test tube out and carefully suspended it in warm water. Students recorded the increase in
temperature as the super-cooled ice warms towards zero degrees C.
Days 3–4: A Watched Pot Never Boils
Investigative phenomenon: When ice is heated until it melts and boils, the
temperature does not increase steadily the entire time.

The following day the students reviewed their observations of the super-cooled ice.
Students then worked in teams to slowly and steadily heat a mixture of ice and water. They
recorded the temperature every minute and also wrote a description about how much the ice
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was melting each time. The handout that she provided included a data table for recording
temperature, elapsed time, and whether melting was happening. For safety reasons, the
students stopped their experiments when the temperature of their water reached 45°C.
Using graph paper, each student team created a labeled graph and entered their data on the
graph. The students generally obtained graphs that showed a mostly flat temperature line near
0°C during the time of melting, and then a steady rise in temperature after all the ice melted.
Ms. L then asked the teams to predict on their graph what it would look like the next day
when she would demonstrate heating the water until it boiled and while it kept boiling. They
also needed to note on their prediction when the boiling would happen just as they had noted
when the ice was melting.
The following day the teams shared their predictions and their reasoning. Then Ms. L
demonstrated the heating of water to the boiling stage and for a period of continued boiling.
Students recorded the observed temperatures on their graphs and compared the observations
with their predictions. At the end of the demonstration, students discussed the results as a
whole class.
The next day, Ms. L projected a graph of changes in the state of water that was posted
on the Web by a chemistry teacher. Students discussed this graph in small groups, and wrote
explanations for what they thought was happening in the parts of the graph labeled A, B, C, D
and E (figure 5.5).
Figure 5.5. Temperature Changes When Constantly Heating Ice
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Continuously adding thermal energy increases the temperature from supercooled ice to
superheated steam. Heating does not cause the temperature to significantly increase during
the state changes of melting (B) and boiling (D). Heating when there is no state change
happening results in temperature increasing (A, C, and E).
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The students consistently identified temperature as a measure of the average kinetic
energy of invisible particles of water. They correctly related higher temperatures with
increased particle motion, and lower temperatures with decreased particle motion. Using data
from their own experiments and the teacher’s demonstration, students readily explained
[SEP-6] that the upward lines occur when there is no state change happening. They
also readily observed that the flat lines at B and D occur when there was a state change
happening. However, they had a hard time clearly explaining why the temperature did not
increase during melting and boiling even though more thermal energy was being added.
Ms. L then displayed a graphic showing the state changes as equations (figure 5.6).
She walked students through the example of melting, pointing to each component as she
described it: “If you start with water as a solid (ice) and add energy, you get liquid water.”
Then, she asked students to identify which of the equations applied to the day’s observations.
Once they identified the right equation, she told students to use that equation to explain
[SEP-6] why the temperature remained fairly constant during evaporation even though
thermal energy continued to be added. After five minutes, one of the student group started
clapping and cheering. Other students asked them what happened.
Figure 5.6. Equations Representing State Changes in Water

Evaporation: Water (liquid) + Energy èèè Water (gas)
Condensation: Water (gas) èèè Water (liquid) + Energy
Melting: Water (solid) + Energy èèè Water (liquid)
Freezing: Water (liquid) èèè Water (solid) + Energy
Evaporation and melting involve absorption of thermal energy. In contrast, condensation and
freezing involve the release of thermal energy. Illustration by Dr. Art Sussman, courtesy of
WestEd.
One student stood up and said that they thought they had finally explained it, but didn’t
know if they could repeat the explanation. After encouragement, they said, “The hot plate
kept giving off thermal energy. Usually that makes the water particles move faster, so then the
temperature went up. But once the water boiled, the hot plate energy made the boiling thing
happen instead of making the particles move faster. So then the temperature did not change.
I think I just said that the right way, didn’t I?”
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Days 5–9: Questions about California’s Climate Zones
Investigative phenomenon: California has different climate zones

Ms. L began the next set of lessons by asking students how many different kinds of places
they knew about in California. The conversation led to a beginning list with names of some
cities, and also some descriptions based on types of natural environments (beach, mountain,
desert, redwood forest). She then distributed a map showing 16 different California climate
zones (figure 5.7). Students worked in eight groups to identify the previously listed locations
on the map and any new locations that the map made them think about. They also discussed
what they thought a “climate zone” meant.
Figure 5.7. California Map Showing 16 Different Climate Zones
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California can be described as having 16 different climate zones. Source: California Energy
Commission 2015
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After the students had time to engage with the task and do a preliminary sharing with the
whole class, Ms. L provided a handout describing eight representative zones that she condensed
from the Pacific Energy Center’s Guide to California Climate Zones. She used a combined
student-choice/teacher-assignment technique to allocate the eight zones among the groups.
Each team researched one climate zone and developed posters communicating [SEP-8] key
features about their climate zone including topography, geographic location, distinctive climate
features, and representative graphs of annual temperatures and precipitation.
Students shared and learned about the different climate zones through a gallery walk of
the posters, listening to presentations by the groups, and asking questions [SEP-1] . Most
of the student questions were about factual matters at first, so Ms. L encouraged students
to ask about the relationship between different features (i.e., “Your picture shows a flat
desert. Is the desert dry because it’s flat?”) or to compare one geographic region to another
(i.e., “Why is your region so much hotter than my region during June when they have such
similar temperatures in December?”). Facilitated whole-class discussions helped summarize
the differences between weather and climate, the different climate zones in California, and
possible causes [CCC-2] for the differences in annual temperatures and precipitation.
Students highlighted key patterns [CCC-1] (e.g., effects [CCC-2] of latitude, altitude,
closeness to the ocean, and closeness to mountains). Student teams also recorded any cause
and effect [CCC-2] or “why” questions they had about the data.
Toward the end of the week, each team shared their “why” questions [SEP-1] . The
questions tended to cluster into four groups:
• Why it is so much colder in Northern California than in Southern California even

though they are both in the same state?
• Why do places near the ocean have temperatures that change less between day
and night?
• Why do higher altitudes have so much rain?
• Why are deserts located where they are?
Ms. L concluded this discussion by saying that they would conduct some investigations
during the next week to help answer the last three questions, and that they would cover the
first question in their next instructional segment about climate around the world.
Days 10–11: Planning an Investigation
Investigative phenomenon: Air heats up faster than water.

At the start of the third week, Ms. L provided students a procedure to investigate [SEP-3]
differences between heating air and heating water. They used an electric light to heat two
identical bottles closed with rubber stoppers. One of the bottles was filled with water and
the other bottle is filled with air. Their task was to record and graph the temperatures for 10
minutes while the light was on and then another 15 minutes after turning off the light. Ms. L
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found that her students took poor-quality measurements when they did not understand
the procedures. While one approach was to ask students to plan the entire investigation
themselves, she found that they were not quite ready at this point in the school year to
design sophisticated investigations. Ms. L developed a technique to scaffold the planning of
investigations. Her handout of procedures had two columns—one with the procedures and a
second one with the label “reason for this step” that also had blanks for students to record
data. Ms. L demonstrated how to fill in the table by demonstrating what she would write as
the justification of step 1. For step two, she wrote two possible justifications and asked the
students to select the explanation that they think was most clear. For step three, she wrote
an incomplete reason and asked students to evaluate why the explanation was insufficient.
Ms. L then had students work in groups to record the reasons for the remaining steps. Ms. L
called their attention to the data sheet and labeled graph that she had included in the written
procedures. She told them that in future experiments, student teams would design their own
data sheets and graph labels. Before students recorded any actual data, she had them draw a
sketch of what they thought the graph would look like after the experiment. As she circulated
around the room, she prompted students to add labels to their sketches to indicate what
might cause key changes in their graph.
Both bottles started at a temperature of 20°C. With the light on, the temperature in the air
bottle increased on average to 55°C while the temperature in the water bottle only increases
on average to 23°C. After the lights were turned off, the air bottle temperature generally
decreased about 30°C, while the water bottle decreased on average only 1.5°C. Ms. L had the
students compare their prediction to the actual observations and discuss whether anything
was unexpected.
After conducting the investigation [SEP-3] , each student team created and displayed
a poster showing their results. In the poster, each team made a claim about the differences
between heating air and heating water, and they wrote or illustrated the evidence [SEP-7]
for their claim. After a gallery walk and whole-class discussion, the class reached a consensus
claim that the same amount of added thermal energy caused [CCC-2] the temperature of air
to increase much more than the temperature of water, and that the water released its thermal
energy much more slowly than the air did.
One student group agreed with the statement about the increase in temperature. However
they argued that the evidence [SEP-7] for a difference in cooling was very weak. It is not
fair, they point out, to compare cooling from 55°C with cooling from 23°C. Ms. L took this
unplanned opportunity of the excellent student critique to ask if there was a way to make
a better comparison of the cooling rates of air and water. Several student groups proposed
pre-heating bottles of air and water to the same temperature, and then comparing their rates
of cooling. A team of students volunteered to demonstrate the experiment the following day.
Their subsequent demonstration confirmed that the same volume of water cooled at a much
slower rate than the same volume of air. Since thermal energy depends on the amount of the
material (its mass) rather than the volume of material, the student comparison was not the
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most scientifically accurate. MS-PS4-3 requires that students be able to design an experiment
that holds mass constant, but Ms. L was happy to see that her students recognized the need
for consistency when they used equal volumes of material.
Investigative phenomenon: A small amount of water heats up faster than a larger
amount of water in a beaker.

She pointed out to students that the bottle with water feels much heavier and wondered
if that has something to do with it. This prompted another demonstration comparing two
different masses of water. Students completed this exercise realizing that both the amount
(mass) of the material and the type of material affect how quickly its temperature changes.
Day 12: Crafting an Explanation
Everyday phenomenon: Coastal towns have mild climates while inland valleys have
temperature extremes.

Ms. L challenged her students to use the key ideas from their investigation to explain
[SEP-6] the pattern [CCC-1] that California locations near the ocean have less variation
in day/night temperature than locations farther away from the ocean. Each team
then communicated [SEP-8] its explanation and reasoning to a different team. The process
of creating, critiquing, and revising these explanations took an entire class period.
Days 13–14: Analyzing Rainfall Data
Everyday phenomenon: It rains and snows a lot in the mountains.

Having discussed the temperature differences among California regions, students
transitioned to their questions about the precipitation differences. Students knew it snows in
the mountains, so Ms. L decided to have them investigate the amount of rainfall in east-west
transects across California. Students obtained rainfall amounts from an online database by
clicking stations on a map (see California Data Exchange Center at http://www.cde.ca.gov/ci/
sc/cf/ch5.asp#link3). For each station, the database reported the latitude, longitude, monthly
rainfall, and the elevation of the station (along with other weather data). Students made
a graph of rainfall versus longitude and a graph of elevation versus longitude (figure 5.8).
Because they wanted to compare the shapes of the two curves, Ms. L taught students how to
plot the two lines on the same graph using different vertical axes.
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Figure 5.8. Profile of Annual Rainfall Across California Heading East From
San Luis Obispo
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The thinner red line shows the elevation at each point. Chart by M. d’Alessio with data from
California Department of Water Resources 2015
Different students plotted different locations in California and they all discovered a remarkable
pattern [CCC-1] where the rainfall seemed to go up as elevation went up (figure 5.9).
Figure 5.9. Profile of Annual Rainfall Across California Passing through Chico
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The thinner red line shows the elevation at each point. Chart by M. d’Alessio with data from
California Department of Water Resources 2015
When Ms. L asked students to explain what caused this relationship, students came up
with some crazy theories. Students did know that it tends to be colder in the mountains, so
Ms. L asked them to relate this idea back to the condensation they learned about earlier in the
lesson sequence. What happened to water when it got colder? Ms. L asked students to
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write an explanation in their science notebooks that responded to the prompt, “It rains
more at higher elevations because______.” In the middle grades, their model was relatively
simplistic and did not include the effects of relative humidity, but they were able to tie
together many of the essential concepts.
Some students noticed that the eastern part of the graphs tended to be high elevation,
but the rainfall was lower there. They asked questions [SEP-1] about what could cause
this pattern. Ms. L showed them animations of satellite maps of atmospheric moisture and
precipitation for several storms moving across California. The storms tended to move from
west to east, with the precipitation stopping as the storm moved to Eastern California. Ms.
L introduced the idea that the matter had moved. Students needed to develop a conceptual
model to describe the movement of water in space and time through all these different forms.
Based on the California climate data that they had learned, each of the student teams
drew a systems model [SEP-2] of the water cycle for a location in their assigned climate zone
during two different seasons of the year. As a class, they began by reviewing the features of a
systems diagram (boundary, components, inputs/outputs, interactions, and system property).
After the student teams completed their initial models, Ms. L initiated an activity that
helped them create more accurate and complex water cycle diagrams. She knew from
experience and research that while students often can list where water is located, they tend
to have limited or simplified ideas about the dynamic nature of the interconnections among
these reservoirs. For example, even though they may have seen clouds disappear because
of evaporation of their water back into the atmosphere, they tend to think that water in
clouds can only precipitate (Ben-zvi-Assarf and Orion 2005). Students also tend to forget
about all the possible pathways water can take to leave a reservoir. For example, they tend to
model water in a river as only flowing into the ocean, whereas in reality the river water can
evaporate, soak into the ground, or be taken into the body of a plant or animal.
To help students consider these complexities, Ms. L led students through a simple
kinesthetic game. Each student played the role of a water particle (or H2O molecule if students
are comfortable with that terminology) and moved around the room through different stations
that represented different places where water is located (ocean, soil, plant, atmosphere,
cloud, mountain glacier, polar ice cap, etc.). At each station, the student rolled dice and
read from an instruction sheet whether to stay at that station for another turn or move to a
different station as part of a water cycle process. In essence, the students used their own
bodies as components in a physical model [SEP-2] of all the processes of the water cycle.
After the exercise, students commented about it and summarized what they learned. Key
points included
• the number of inputs and outputs for the different reservoirs;
• the different residence times in the reservoirs;
• the changes in state associated with the water cycle interconnections;
• the cyclical, rather than linear, nature of the water cycle; and
• the role of gravity in causing [CCC-2] precipitation, downhill flow of surface water,
infiltration of surface water into the ground, and downhill flow of glacial ice.
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After this kinesthetic lesson, student teams returned to their regional water cycle diagrams and
incorporated more of these interconnections, inputs and outputs. Students then shared their
regional water cycle diagrams, critiqued and extended each other’s presentations, and achieved
a more complete group understanding of water reservoirs and processes. As a whole class
activity, they created a color-coded map representing the average annual precipitation that
included all of their California regions. To create this representation, they needed to collaborate
on deciding the range of values to use, and how to represent the entire spectrum of data. They
compared their whole-class model with a representation that Ms. L had downloaded from the
Internet (figure 5.10), which they then used to complete and revise their state map.
Figure 5.10. Map of Average Annual Precipitation in California

Color-coded map of average annual precipitation in different California regions with
mountains indicated by shaded relief. Source: Geology Cafe 2012
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Day 15: Explaining California Climate
The lesson sequence concluded with presentations that the class made for different
audiences about California climates. In each presentation, students highlighted the patterns
[CCC-1] of temperature and precipitation in each of the eight California regions that they had
investigated. They also explained [SEP-6] the different factors that were involved in causing
[CCC-2] significant climate patterns such as the comparatively small variation in coastal day/
night temperatures, high levels of mountain precipitation, and the rain shadows of coastal
mountains and the Sierra Nevada on the Central Valley and on Eastern California respectively.

Vignette Debrief
In this multi-week vignette, students applied physical science concepts to explain an Earth
and space science observation about climate and a life science observation about habitats.
Ms. L struggled with how long to spend on each section but quickly realized that spending
even three weeks on this learning sequence felt rushed. She allowed students to plan their
own experiment, grapple with revising their models of changes of state, and construct well
thought out scientific explanations with evidence and reasoning; all these activities took much
longer than she thought. But her assessment of student work showed that students gained a
much better understanding using this student-centered approach than when she sped through
things, as in previous years.
This vignette illustrates the CA NGSS vision of blending SEPs, DCIs, and CCCs. Ms. L began
each part of the lesson sequence with an engaging phenomenon and spent each lesson
applying the three dimensions. While the lesson describes this blend, the sections below focus
on relevant aspects of each dimension in isolation, along with ties to the CA CCSS and the
EP&Cs.
SEPs. As the students became more engaged with the content and comfortable with
the underlying physical science concepts, they began to have larger roles in designing and
conducting the investigations [SEP-3] .
DCIs. Days 1–2 focused on different states of matter (PS1.A) and the definition of thermal
energy (PS3.A). Students built on this definition on days 3–4. On days 5–9 the focus was
on general observations of weather and climate in California (ESS2.D). On days 10–12, they
explored the relationship between thermal energy, states of matter, and a particle model of
matter (MS-PS1-4). On days 13–15, students engaged in integrating the physical science and
Earth and space science ideas, using the PS mechanisms to explain ESS phenomena.
CCCs. In the process, students developed system models [CCC-4] of their regional
climates and engaged with key factors that cause [CCC-2] climate patterns, such as
increased precipitation at high elevations. The observed weather and climate effects in
California of latitude, altitude, proximity to the ocean, and locations of mountains all set the
stage for deeper explorations in IS2 and IS3 of the patterns [CCC-1] that determine regional
climates (MS-ESS2-6).
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EP&Cs. As written, Ms. L did not explicitly address any of the EP&Cs, though students
will build on their understanding of California climate later in the course when they consider
human impacts to the Earth system. Her focus on explaining the California climate is
important because it provides a familiar context and on day 9 students were able to ask
informed questions based on their own experiences.
CA CCSS Connections to English Language Arts and Mathematics. On day 4 and days
13–14, students focused on developing and interpreting graphs (6.SP.4). Students obtained
and evaluated information about California’s climate zones on days 5–9. Students engaged in
structured discourse with teams throughout the vignette, including evaluating and reviewing
the ideas of their peers on days 5–9 and again on day 15 (SL.6.1). They practiced writing an
informational text with the explanation on day 12 (WHST. 6–8.1, 7).

Resources:
Ben-zvi-Assarf, Orit, and Nir Orion. 2005. “A Study of Junior High Students’ Perceptions of the
Water Cycle.” Journal of Geoscience Education 53 (4): 366–373.
California Energy Commission. 2015. California Building Climate Zone Areas. http://www.cde.
ca.gov/ci/sc/cf/ch5.asp#link4
Geology Cafe. 2012. Precipitation and Relief Map of California. http://www.cde.ca.gov/ci/sc/cf/
ch5.asp#link5

The Water Cycle in the Earth System
In IS1, students looked at Earth’s systems and began to consider the water cycle that
involves all of them. When students consider all the places that they see water in its many
forms, water is often moving (raindrops fall, a river flowing, steam rising, etc.). In IS2,
students investigate the physical mechanisms that drive this process. MS-ESS2-4 highlights
the special role of sunlight in driving the state changes that occur as water moves in
multiple pathways between the reservoirs of the water cycle. The first learning sequence
in the IS2 vignette focused on these state transitions and the associated movements of
thermal energy, almost all of which entered the Earth system in the form of sunlight.
The force of gravity also causes [CCC-2] movement of water between reservoirs of the
water cycle. Most students can explain the role of gravity in causing precipitation (“raindrops
fall”) or surface water (“rivers flow downhill”), but they often overlook the crucial role
that gravity plays in the infiltration of surface water into the groundwater, the flow of
groundwater itself through tiny pores (similar to the way a saturated sponge drips water
down out of the bottom), and the flow of ice downhill in glaciers (illustrated by time-lapse
videos of glacier movements).
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Opportunities for ELA/ELD Connections
To reinforce these cause and effect relationships [CCC-2] involving gravity
and sunlight, engage students in understanding the water cycle processes by
investigating the levels of the tides in one coastal city. After identifying and
documenting patterns [CCC-1] in the tides and the position of the Sun and Moon,
students use a cause and effect chart to illustrate the role that gravity plays in
causing water to move between reservoirs in the water cycle such as the ocean and
a nearby estuary. Students then create a commercial to pitch to local fishermen on the
best time to fish according to the tidal patterns of that coastal city. Provide feedback on
the student-created commercials to make sure they include appropriate vocabulary and
accurately demonstrate actions that convey the roles of gravity and sunlight on tidal
patterns.
CA CCSS for ELA/Literacy Standards: WHST.6–8.4; SL.6–8.1, 4, 5
CA ELD Standards: ELD.PI.6–8.9

Because of the water cycle, Californians are able to obtain a steady supply of fresh
water for drinking, irrigation, industrial, and agricultural uses (EP&C III). Even in years with
abundant precipitation, California still draws water from a total of seven nearby states to
add to its own supply (Klausmeyer and Fitzgerald 2012). In this way, California itself can
be considered a system [CCC-4] with inputs and outputs. Of the developed water supply
for the state, more than 75 percent of it goes to agriculture and helps California grow more
food than any other state.

Integrated Grade Six Snapshot 5.1: What’s in the Water?
Anchoring phenomenon: Tiny microscopic organisms live in pond water.

Mrs. N’s class took occasional walking field trips to a creek near the school
to study the local ecosystem. Recently, students collected water samples and
brought them back to the classroom. Mrs. N asked students if they would
want to drink the water in the creek, and they all said no because it is too
“dirty.” But what does it mean for water to be dirty? Students took turns looking at drops
of water under the classroom microscopes. They noticed all sorts of tiny plants, moving
animals, and bits of dirt even in water samples that appeared clear to the naked eye. Mrs. N
gave the students the opportunity to compare water from a local pond with tap water. They
compared the pond water to filtered pond water and then tap water. Students observed
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that the filtered pond water had fewer particles than the unfiltered pond water, and that
the tap water had almost no particles in it. Mrs. N challenged students to come up with a
system to quantify [CCC-3] the amount of contamination in a water sample. Each group
constructed a bar graph showing the relative amount of contaminants and then compared
their measurements to the other groups. Were the differences related to the measurement
technique or to the water samples themselves? Student groups decided to switch water
droplet microscope slides with another team to test out their ideas.
Everyday phenomenon: Our drinking water is not pure H2O.

Water is one of California’s most important natural resources (ESS3.A). Students
then obtained information [SEP-8] from their water utility about the different
contaminants in their local drinking water (water agencies are required to publish an
annual report and most of these are available online. They evaluated how their water
compares to another city (such as Flint, Michigan which experienced unacceptable levels of
lead contamination in 2015). They learned the distinction between organic contaminants
(like bacteria) and inorganic ones (like lead and arsenic). To link to PS1.A (Structure and
Properties of Matter), students drew a diagram in which they modeled [SEP-2] the liquid
water and heavy metals as particles too small to be seen that move and interact. They
used this model to address the question, Why does the solution appear clear and clean
when it is actually contaminated? Inorganic contaminants such as heavy metals often take
many years to cause observable health effects, so Mrs. N decided to focus on infectious
diseases with their short-term health impacts.
Everyday phenomenon: Outbreaks of disease were common in California during
the Gold Rush Era.

While students could see the differences in both the real-life water and the
measurements, they did not yet appreciate why these numbers mattered. Mrs. N set the
stage about the prevalence of water-borne diseases by having students read an article
about life in Gold Rush-era California, including the regular deaths from diseases like
cholera and typhoid. An outbreak in 1850 may have killed 15 percent of Sacramento
residents (Roth 1997).
Investigative phenomenon: When Pittsburgh installed a citywide water filtration
system, the number of people dying from disease dropped within a year or two.

Sacramento was not an unusual situation. Infectious diseases were a major problem in
U.S. cities until midway through twentieth century. Mrs. N was born in Pittsburgh
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where the rate of death from diseases in 1900 was the highest of any major U.S. city.
Students read an article about how city health officials and engineers changed that by
installing a water-filtration system in their public water system that cut the death rate from
typhoid by almost a factor of ten within two years (figure 5.11). Mrs. N emphasizes ETS2.B
(“Influence of Engineering, Technology, and Science on Society and the Natural World”).
Figure 5.11. Effect of Water Filtration on Typhoid Deaths in Pittsburgh
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Source: Adapted from Pittsburgh City Photographer 1917.
Mrs. N wanted to make sure that students were able to see the connection between
the water-filtration technology, the diseases, and the hands-on experience with the
organisms in the pond water. Working in groups, she had students draw a simple pictorial
model [SEP-2] that illustrated the relationships. Each student then individually wrote
a caption with an explanation [SEP-6] about how water filters remove organisms
that cause [CCC-2] disease. Mrs. N told students that in the following week they would
design and test their own water filters.
Before moving on, Mrs. N led a discussion of one more aspect of the Pittsburgh
story. One factor that made the city so vulnerable to disease was that the local drinking
water source, the Alleghany River, was also a dumping ground for raw sewage for many
upstream communities. Mrs. N told students that people releasing materials like sewage
into a river is called water pollution. She asked students if they are aware of any water
pollution at the school or in the local community. Students identified several examples of
pollution on campus and in the streets by the school, including oil dripped from cars that
then flowed down the gutters on the street and into the storm drains. One of the students
mentioned that she had seen drains along the street that are labeled, “No dumping, leads
to ocean.” Mrs. N asked, “Why is this important?” Several students mentioned that on a
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recent field trip to the coast they learned that oil coming from the storm drain system had
been observed along the coast and it had damaged parts of the coastline and some of
the wildlife that lives there (EP&Cs II and IV). Mrs. N asked students to reflect on who is
affected more by human pollution: natural systems or humans themselves (the discussion
sets the stage for the grade eight performance expectation MS-ESS3-4).
Mrs. N asked students if they think that we still dump our sewage into rivers and
water. They then learned more about modern wastewater treatment (see “Our Water:
Sources and Uses” at http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link6) in preparation for a
trip to a local wastewater treatment plant.

Physical Science Models of the Water Cycle
Students experience the water cycle as everyday weather, and the process of weather
forecasting is one way that scientists use measurements to model and predict interactions
in the water cycle. Students can explore weather forecasts and weather maps and notice
the different variables being tracked, especially temperature. Weather is ultimately driven by
uneven heating of the planet. How do these temperature differences cause air movements
that drive weather changes? In grade five, students learned that objects that they could
see or touch have kinetic energy when they move and that matter is made of particles too
small to be seen. In grade six, students combine these ideas to show how temperature
is just kinetic energy at the invisible scale of particles. The snapshot below presents a
phenomenon that allows students to begin to relate motion at the macroscopic scale to
motion at the microscopic scale and temperature.
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Anchoring phenomenon: Our hands warm up when we rub them together.

Mr. A began IS2 by eliciting what students knew about the forms and
transformations of energy based on daily experiences or what they
remembered from classroom investigations in grades four and five. He
steered student small group discussions toward phenomena in their daily
lives such as the warming effect of rubbing hands together or doing vigorous exercise.
Building on those kinds of experiences, students conducted investigations [SEP-3]
that connected motions of objects with changes in thermal energy. Mr. A emphasized
these energy [CCC-5] transformations because these experiences from our macroscopic
level of reality are necessary to help students connect the motion energy of invisible
particles with the observed temperature of materials.
Investigative phenomenon: Count Rumford showed a horse was able boil water
by running around in circles to turn a metal cylinder.

For homework, students read an illustrated one-page handout about a scientific paper
published by Count Rumford in 1798. Count Rumford was born with the name Benjamin
Thompson in Massachusetts. During the War of Independence, Thompson fought for the
British against the American revolutionaries, and had to flee from his home to save his life.
In Europe after the war, Thompson became famous as a scientist and inventor and he
was honored with the title and name of Count Rumford. In one famous public experiment,
Count Rumford used the process of making a cannon to investigate the change of motion
energy to thermal energy. He set up an experiment in which a horse trotting in a circle
caused a metal borer to dig a hole into an iron cylinder that was completely covered with
water (figure 5.12). All the people watching were amazed when the friction of the borer
grinding into the cannon caused [CCC-2] the water to boil.
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Figure 5.12. Count Rumford’s Energy
Conversion Experiment

The day after the homework reading, the
students in small groups discussed the flows
of energy [CCC-5] that were involved in the
making of the cannon. They diagrammed
the cause and effect [CCC-2] relationships
that were happening at the macroscopic
level (horse, metal boring machine, water)
and also at the invisible level of the water
particles. After extensive small-group and
teacher-facilitated whole-class sharing of
diagrams and discussions, they reached the
following consensus statements:
• The motions that the people saw

caused the heating and boiling
that they could feel and see.
The kinetic energy of a horse moving
•
At the macroscopic level (our
in a circle heated water surrounding
level), kinetic energy of the
a cylinder of iron so much that the
horse was transferred to kinetic
water boiled without any fire. Source:
Sussman 2006
energy of the iron boring
machine, which was transferred
to thermal energy of the water.
• At the particle level, kinetic energy of the boring machine was transferred to
kinetic energy of the water particles.
The following day, Mr. A introduced the design challenge for students in teams of three
to design, construct, and test a device [SEP-6] that either minimized or maximized the
transfer of thermal energy. Mr. A facilitated a whole-class discussion about constraints
(such as safety, cost, class time, and availability of materials and equipment) and criteria
for success. Student teams brainstormed the materials and the flows of thermal energy
[CCC-5] that they would investigate. In their initial design proposal, they specified the
materials and processes they would use and how they would test their devices. Student
teams provided most of the feedback to each other, with Mr. A intervening only as
absolutely needed to keep the teams on task and within the criteria and constraints. The
engineering challenge concluded with student teams presenting and comparing their
project results and how their projects developed over time.
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Students need opportunities to investigate how different materials respond to heating
(solids such as ice melting, liquids such as a pot of miso soup, gases such as a flask with a
balloon on top, or a comparison of soil and water being heated). After initial observations
of the phenomena, they should determine ways to systematically monitor the mass and
temperature to see if changes in either of these quantities can help explain the macroscopic
behaviors they see (MS-PS3-4). As they analyze their data [SEP-4] , they find that mass
is unaffected by heating or cooling changes, but temperature changes are systematically
based on the amount and type of material. With scaffolding, students can be prompted to
try to apply a model [SEP-2] of matter made up of tiny particles to explain [SEP-6] each
of the phenomena, slowly enhancing their understanding of the conservation of matter
and flows of energy [CCC-5] . Students refine these models using computer simulations

of solids, liquids, and gases, observing relationships between temperature and particle
motion in the simulation (PhET http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link7). Students
will return to these models in grade seven (MS-PS1-4). In grade six, students can use this
conceptual model to explain [SEP-6] how air masses become less dense as they warm up,
and how particle motions change as matter changes state between solid, liquid, and gas.
These simulations also introduce students to the physical basis of air pressure. Density and
pressure differences along with state changes drive air movements and precipitation.

Explaining Weather Patterns
Students then use their models of the water cycle, air pressure, and state changes to
investigate specific weather patterns. Using animations of real-time observations (such as
satellite data from visible light that reveals clouds and other wavelengths that reveal water
vapor; see Geostational Satellite Server: GOES Western U.S. Water Vapor at http://www.
cde.ca.gov/ci/sc/cf/ch5.asp#link8), students collect data about the movement of large air
masses, noticing that the most intense precipitation and weather events occur where air
masses collide (MS-ESS2-5; figure 5.13). They also use these maps to predict the motion of
air masses and predict the weather. These observations form the evidence [SEP-7] that
can be used to construct a complete explanation [SEP-6] or a model [SEP-2] of the
relationship between air masses and changing weather conditions.
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Figure 5.13. Air Mass Interactions

Key concepts to know about weather

Interesting weather
happens when
two air masses
collide.

When two air
masses collide,
one goes up.

When an air
mass goes up,
it cools.

Water condenses
more easily in cold
air. As air cools, it
rains/snows/etc.

Important components of a model of weather that describes the interaction of air masses. Diagram
by M. d’Alessio

These same physical principles allow students to explain weather patterns within
California. Why does it rain and snow more at higher elevations than lower elevations in
California? Why is the temperature near the coast milder than areas further inland? Why
is it cooler in the mountains than lower elevations? The EEI Curriculum unit Precipitation,
People, and the Natural World at http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link9 provides a
variety of resources that can support this instruction.
Students may be able to share based on personal experience that mountain
temperatures tend to be cooler than temperatures at lower elevations. A very important
climate consequence of the colder temperatures at higher altitudes is that rising air
becomes colder and can hold less water vapor. As a result of this cooling, water condenses,
clouds form, and there is a much greater likelihood of precipitation in the forms of rain
or snow. The analyses [SEP-4] of California climate regions revealed this correlation of
increased precipitation with higher elevations.
Two generalizations could emerge from consistent research. If wind from a moist area
is blowing toward a mountain range, it is very likely that there will be high amounts of
precipitation on the side of the mountains that the winds first hit (called windward or
upwind). The other side of the mountain (leeward or downwind) tends to be much drier
because most of the water vapor has condensed and precipitated on the other side of
the mountain. On the other hand, if the wind blowing toward the mountain has very low
humidity, then it is likely that both sides of the mountain will be dry. This condition tends
to occur in the middle of continents or locations where the prevailing winds tend to blow
toward the ocean.
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The temperature and amount of humidity in a mass of air reflects where that mass of air
first formed. If it first formed over a warm ocean, the air mass will be warm and humid. If
it first formed over a dry continental area, the air mass will be dry and its temperature will
depend on whether the continental area was hot or cold.
The clarification statement for MS-ESS2-5 indicates that students will not be assessed
on weather map symbols. This is largely a reaction to the fact that these symbols are no
longer necessary for illustrating weather patterns in the digital age. For example, real-time
wind patterns are indicated with animations of the flow of individual particles (Viégas and
Wattenberg 2016) or with familiar rainbow color scales (Beccario 2016). These visualization
tools allow teachers to spend more time helping students recognize and explain [SEP-6]
patterns [CCC-1] with less time devoted to memorizing symbols.

Engineering Connection: Finding the Optimal Site
for a Wind Farm
As air masses move, they go up, over, or around mountains. The landscape shape
therefore has a big impact on wind speeds. Students analyze data [SEP-4]
showing the average wind speed at different locations around their city. They look
for patterns [CCC-1] that provide evidence that the landscape shape influences
wind speed. Using information about topography and typical wind speeds and
directions, they determine the optimal placement of a wind farm that could provide
clean energy for their city. They might also need to consider human constraints such as
how the land is currently used and who owns it (EP&C V).

Integrating the CCCs in Grade Six Instructional Segment 2
The CCC of Scale, Proportion, and Quantity [CCC-3] at the middle grades level
includes the notion that “[t]ime, space and energy phenomena can be observed at various
scales using models to study systems that are too large or too small.” Clearly this concept
applies when we relate the macroscopic property of temperature with the submicroscopic
motions of particles. Similarly, both weather and climate describe the same conditions of
the atmosphere (temperature, moisture, and movement), but at different scales [CCC-3]
of time (and space). In general, climate describes a relatively long period of time (decades
to millennia) and often applies across relatively large geographic areas. Weather generally
refers to the same conditions at a specific location during a very short period of time.
The color-coded map of average annual precipitation in California in figure 5.10 is an
example of a model that describes phenomena (climate properties) that occur at scales
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that are too spatially and temporally large to directly observe. Each small area of color
corresponds to a calculated average based on many locations that measured and recorded
the amount of precipitation each day for decades or perhaps a century or more. This kind of
map is a systems model [SEP-2] that is especially useful and prevalent in Earth and space
science. Color-coded maps can display data in ways that reveal important patterns [CCC-1]
related to spatial location. Students may initially respond to the aesthetics of the colors
rather than the science patterns and the vast amounts of data that these kinds of models
[SEP-2] summarize and communicate.

While this kind of color-coded modeling representation is also used to some extent in
other scientific disciplines, its special appropriateness in Earth and space science topics
helps reveal a general principle about CCCs. While the CCCs do apply across many domains,
they still may apply in somewhat different ways and extents in the different scientific
disciplines.
The CCC of Systems and System Models [CCC-4] that is featured so prominently in
IS1 still has a very significant presence in IS2. It is a vital and underlying aspect of many
of the other CCCs. As mentioned when discussing scale [CCC-3] , many systems involve
interactions at scales that are so large or so small that they are best understood through
system models. Descriptions of the CCC Energy and Matter [CCC-5] often refer to tracking
the flows of energy and matter into and out of systems. Finally, each of the California
regional climates investigated in IS2 is an example of a whole system property that emerges
or arises from the interactions of the components of the regional system with each other
and with the incoming sunlight.

Integrated Grade Six Instructional Segment 3:
Causes and Effects of Regional Climates

INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 3:
CAUSES AND EFFECTS OF REGIONAL CLIMATES
Guiding Questions
• Why is the climate so different in different regions of the planet?
• Why are organisms so different in different regions of the planet?
• What makes organisms so similar to but also different from their parents?
• What makes animals behave the way they do, and how does their behavior affect their
survival and reproduction?
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 3:
CAUSES AND EFFECTS OF REGIONAL CLIMATES
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS1-4. Use argument based on empirical evidence and scientific reasoning to support
an explanation for how characteristic animal behaviors and specialized plant structures affect
the probability of successful reproduction of animals and plants respectively. [Clarification
Statement: Examples of behaviors that affect the probability of animal reproduction could
include nest building to protect young from cold, herding of animals to protect young from
predators, and vocalization of animals and colorful plumage to attract mates for breeding.
Examples of animal behaviors that affect the probability of plant reproduction could include
transferring pollen or seeds, and creating conditions for seed germination and growth.
Examples of plant structures could include bright flowers attracting butterflies that transfer
pollen, flower nectar and odors that attract insects that transfer pollen, and hard shells on
nuts that squirrels bury.]
MS-LS1-5. Construct a scientific explanation based on evidence for how environmental and
genetic factors influence the growth of organisms. [Clarification Statement: Examples of local
environmental conditions could include availability of food, light, space, and water. Examples
of genetic factors could include large breed cattle and species of grass affecting growth of
organisms. Examples of evidence could include drought decreasing plant growth, fertilizer
increasing plant growth, different varieties of plant seeds growing at different rates in different
conditions, and fish growing larger in large ponds than they do in small ponds.] [Assessment
Boundary: Assessment does not include genetic mechanisms, gene regulation, or biochemical
processes.] Introduced in IS3 but not assessed until IS4.
MS-LS1-8. Gather and synthesize information that sensory receptors respond to stimuli
by sending messages to the brain for immediate behavior or storage as memories.
[Assessment Boundary: Assessment does not include mechanisms for the transmission of this
information.] Revisited from IS1.
MS-LS3-2. Develop and use a model to describe why asexual reproduction results in
offspring with identical genetic information and sexual reproduction results in offspring with
genetic variation. [Clarification Statement: Emphasis is on using models such as Punnett
squares, diagrams, and simulations to describe the cause and effect relationship of gene
transmission from parent(s) to offspring and resulting genetic variation.]
MS-ESS2-5. Collect data to provide evidence for how the motions and complex interactions
of air masses results in changes in weather conditions. [Clarification Statement: Emphasis
is on how air masses flow from regions of high pressure to low pressure, causing weather
(defined by temperature, pressure, humidity, precipitation, and wind) at a fixed location to
change over time, and how sudden changes in weather can result when different air masses
collide. Emphasis is on how weather can be predicted within probabilistic ranges. Examples
of data can be provided to students (such as weather maps, diagrams, and visualizations)
or obtained through laboratory experiments (such as with condensation).] [Assessment
Boundary: Assessment does not include recalling the names of cloud types or weather
symbols used on weather maps or the reported diagrams from weather stations.]
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 3:
CAUSES AND EFFECTS OF REGIONAL CLIMATES
MS-ESS2-6. Develop and use a model to describe how unequal heating and rotation of
the Earth cause patterns of atmospheric and oceanic circulation that determine regional
climates. [Clarification Statement: Emphasis is on how patterns vary by latitude, altitude,
and geographic land distribution. Emphasis of atmospheric circulation is on the sunlightdriven latitudinal banding, the Coriolis effect, and resulting prevailing winds; emphasis of
ocean circulation is on the transfer of heat by the global ocean convection cycle, which is
constrained by the Coriolis effect and the outlines of continents. Examples of models can be
diagrams, maps and globes, or digital representations.] [Assessment Boundary: Assessment
does not include the dynamics of the Coriolis effect].
MS-PS3-4. Plan an investigation to determine the relationships among the energy
transferred, the type of matter, the mass, and the change in the average kinetic energy of the
particles as measured by the temperature of the sample. [Clarification Statement: Examples
of experiments could include comparing final water temperatures after different masses of
ice melted in the same volume of water with the same initial temperature, the temperature
change of samples of different materials with the same mass as they cool or heat in the
environment, or the same material with different masses when a specific amount of energy is
added.] [Assessment Boundary: Assessment does not include calculating the total amount of
thermal energy transferred.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models
[SEP-3] Planning and Carrying
Out Investigations
[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)
[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating,
and Communicating Information

LS1.B: Growth and
Development of Organisms
LS1.D: Information
Processing
LS3.A: Inheritance of Traits
LS3.B: Variation of Traits
ESS2.C: The Roles of Water
in Earth’s Surface Processes
ESS2.D: Weather and Climate
PS3.A: Definitions of Energy
PS3.B: Conservation of
Energy and Energy Transfer

[CCC-2] Cause and Effect
[CCC-3] Scale,
Proportion, and Quantity
[CCC-4] Systems and
System Models

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 3:
CAUSES AND EFFECTS OF REGIONAL CLIMATES
CA CCSS Math Connections: 6.SP.2, 4, 5; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 2, 3, 4, 7, 9; RI.6.8, WHST.6–8.1, 2,
7, 8, 9; SL.6.5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a

In this instructional segment, students grapple with the anchoring phenomenon that it is
warm in the tropics and cold at the poles. In IS2 students analyzed climate data [SEP-4] for
eight different California regions. As a result of that analysis, four key factors were identified
as having strong causal effects [CCC-2] on regional climates: (1) latitude, (2) altitude,
(3) proximity to mountains, and (4) proximity to the ocean.
Figure 5.14 illustrates the combination of these four factors at the scale [CCC-3] of
regional climates around the planet. Students begin IS3 by investigating the temperature
at different latitudes and different times of year around the globe. These investigations lay
the groundwork for Integrated Grade Eight when students will finally explain the seasons
(MS-ESS1-1) after collecting data on seasonal weather patterns since kindergarten.
Figure 5.14. Average Annual Temperatures

Color-coded map of average annual temperature around the world. Note the major effect of
latitude, and the colder high-elevation regions, such as the Himalayas in Asia. Source: Used by
permission of The Center for Sustainability and the Global Environment, Nelson Institute for
Environmental Studies, University of Wisconsin-Madison
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In IS2, students explained [SEP-6] that the oceans have a strong effect on
temperatures near the coast because the water retains heat much longer than the
surrounding land or air. In IS3, students extend their analysis of ocean effects on
temperature by investigating [SEP-3] the effects of ocean currents that transport thermal
energy from equatorial regions to colder temperate regions. This analysis is then connected
to the more global scale [CCC-3] of ocean currents and wind patterns.
Having attained deeper understandings of the many intersecting factors and Earth
system interactions that cause [CCC-2] regional climates, students then focus on
the effects [CCC-2] that these very different regional climates have on organisms. In grade
four, students cited internal and external structures of plants and animals as evidence
[SEP-7] that organisms have structural adaptations that support survival, growth, behavior,

and reproduction. In grade five, students developed models [SEP-2] that described how
organisms survive only in environments in which their specific needs can be met.
Students deepen and revisit these concepts in grade six, IS3 by investigating [SEP-3]
how plant and animal structures [CCC-6] are adapted to climatic and other abiotic
conditions in an ecosystem. In elementary school, students provided evidence that animals
had specific structures and behaviors that enable them to survive in specific conditions
(3-LS4-3). But how is it that all the organisms in a specific environment have the structures
and behaviors that allow them to take advantage of that specific environment? This
instructional segment lays the foundation for understanding natural selection in grade
eight. It focuses on both adaptation and introduces sexual reproduction. It uses specific
phenomena related to attracting mates to also introduce sensory stimuli and the nervous
system. While adaptation ties well to climate, these other topics are part of a life science
storyline that easily could be separated out into its own instructional segment.

Climate Depends on Latitude
Keeping this broad outline of the IS3 sequence in mind, students begin exploring more
deeply the effects of latitude on climate. Students should observe maps and ask detailed
questions [SEP-1] about what they see. They should be able to describe patterns [CCC-1]

they see, such as the reddish areas in figure 5.14 that clearly indicate that latitudes closer
to the Equator are generally much warmer than latitudes that are further north or south.
How can the Equator appear to receive more energy than either of the poles despite the
fact that they all receive their energy from the same Sun? The key is that the Earth is a sphere.
Sunlight arrives at Earth as parallel rays (figure 5.15), but hits the surface at nearly a 90° angle
near the Equator and at flatter/smaller angles near the poles because of Earth’s round shape.
The light spreads out over a larger area near the poles (figure 5.16), meaning that each square
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foot patch of the surface receives a smaller proportion [CCC-3] of the energy coming from
the Sun than that same patch does at the Equator, which causes the sunlight on that patch
to be less intense. When the Sun shines down at a 90° angle, a patch of land receives twice
the energy compared to a 30° angle, so this effect has a big impact on the temperature.
Figure 5.15. Earth-Sun System Scale

Sun

Earth

(too small to see at this scale)

A scale illustration of the Earth-Sun system (top). The Sun is 5 pixels wide and the Earth is 1075 pixels
away, but is only 0.05 pixels wide, which is too small to display. At this scale, it is easier to recognize
that rays of sunlight arrive at Earth as parallel rays at all latitudes (bottom). Diagram by M. d’Alessio.

Students perform an investigation [SEP-3] of the relationship between light intensity
and angle by shining a flashlight at a piece of paper at different angles while keeping the
distance between the light and the paper constant (NASA 2008). Students can directly
observe how the patch of light gets dimmer when it strikes the page at a low angle and
spreads out over a large area. While a piece of paper is flat, students simulate the parallel
rays of sunlight arriving at Earth by shining their flashlight on a round ball and observing
how the patch of light is small and intense near the equator but spreads out near the poles.
Figure 5.16. Angle of the Sun’s Rays Affect Intensity

Sun angle
varies with
latitude

Near
equator

Sun hits
close to 90°

Near
poles

Sun hits
at smaller
angle

same size patch of land receives a smaller
proportion of the Sun’s energy.

Effect of the angle of the Sun’s rays on area of the Earth’s surface it illuminates. At angles smaller
than 90°, the energy is spread out over a larger area. Diagram by M. d’Alessio.
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Thermal Energy Transport
Movements of thermal energy are major factors in causing [CCC-2] the observed
patterns [CCC-1] of regional climates. One major concept is that thermal energy [CCC-5]

moves from warmer locations/objects to cooler locations/objects. A related major concept is
that these movements of thermal energy occur in three distinct ways (table 5.5). Students
can investigate [SEP-3] and research each of these three ways of heating, create a brief
report about one or more of them, and explain [SEP-6] the differences in terms of the
underlying science. Given the state of their physical science knowledge, the mechanisms
need to be stated in fairly general terms. For example, conduction and convection can be
described in terms of particles vibrating or moving, and radiation can be described as waves
of energy similar to sunlight that move through space and transfer energy.
Table 5.5. Thermal Energy Moves in Three Ways
WAYS THERMAL
ENERGY MOVES
CONDUCTION

CONVECTION

RADIATION

PHYSICAL SCIENCE

EXAMPLES

Warm object touches cooler object
and makes it warmer. Electromagnetic
waves are not involved.

Hot sand burns your feet. Hot
ground warms air that touches it.

Handle of heated pan becomes hot.

Rainfall and streamflow in,
evaporation out.

Warm liquid or gas flows into
cooler area and makes it warmer.
Electromagnetic waves are not involved.

Warm air rises and is replaced by
cooler air. Hot water in heated
pot rises from bottom to top.

Contrasting the three different ways that thermal energy moves from warmer objects to cooler objects
based on the underlying physical science. Table created by Dr. Art Sussman, courtesy of WestEd.

Students can reflect on and discuss a simplified model [SEP-2] to apply their
experiences and knowledge of the three modes of thermal energy movement to the context
of the Earth system (figure 5.17). Sunlight travels as radiation from the Sun to enter the
Earth system where it initially mostly heats the surface (ocean and land). Earth’s surface
transfers some of the thermal energy to the atmosphere by conduction, and convection then
moves that energy within the atmosphere.1

1. In instructional segment 4, students will learn via Model 2 that radiation from Earth’s surface also plays a very significant role
in heating the atmosphere and in Earth’s global climate.
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Figure 5.17. Earth’s Energy Flows

Earth’s Energy Flows: Model 1
1. Light energy from the Sun
radiates into the Earth system.

Earth’s Surface
2. Absorption of light
energy heats Earth’s
surface: ocean and
land.

3. Earth’s surface
heats the atmosphere
by conduction and
convection.

4. Convection (winds and
ocean currents) move
thermal energy within the
Earth system from the
equator toward the poles.

A simplified model illustrating energy flows that have major effects on weather and climate.
Illustration by Dr. Art Sussman, courtesy of WestEd.

The teacher can prompt students to think about and discuss concept number four in
figure 5.17, the transfer of thermal energy by convection. Why does thermal energy move
from the equator toward the poles? Student explanations [SEP-6] should include the
evidence from prior investigations [SEP-3] that sunlight hits equatorial regions at angles
closer to 90° than the smaller angles at the poles, and also that thermal energy [CCC-5]
moves from warmer regions toward colder regions. Students may find it contradictory that
there is such a large difference in temperature between the equator and the poles when
convection tends to equalize temperature differences. It turns out that the poles would be
much colder and the tropics much hotter if winds and ocean currents did not move thermal
energy away from the equator.
Students can collect data from cities around the world and create a graph showing the
average temperature at different latitudes (figure 5.18). They also know from IS2 that when
air masses rise, they cool and condense. They should be able to predict that warm air rising
from the equator should cause higher rainfall there. By analyzing data from their cities,
students confirm this is true, but recognize another pattern as well. There is another peak in
rainfall near 50° latitude (both north and south). Students can use this evidence to make
an argument [SEP-7] that air could be rising there as well.
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Figure 5.18. Temperature and Rainfall Vary Systematically with Latitude
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Source: Thebiologyprimer 2015

The rainfall versus latitude analysis provides evidence that the wind convection from
the equator toward the poles actually happens via sequential “steps” that are called
convection cells (figure 5.19). The two convection cells just north and just south of the
equator (indicated by the line labeled 0°) each have skinny red arrows representing warm
air traveling toward the poles and skinny blue arrows representing colder air from the polar
regions traveling toward the equator. The illustration shows three sequential convection cells
connecting the equator and South Pole. Similarly, three sequential convection cells connect
the equator and the North Pole (though the third cell near the South Pole is not visible from
the angle shown in figure 5.19). This illustration also shows thicker arrows that represent
winds that blow east and west.
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Figure 5.19. Thermal Energy and Wind Convection Cells

Convection
Cells

Convection
Cells

Wind convection in the atmosphere moves thermal energy from the 30° latitude toward the poles
(skinny red and blue arrows in the convection cells). Image credit: Adapted from Summey n.d.

Students can then combine all they have learned in IS2 and IS3 into one summary of the
evidence from their data of relationships between the movement of air masses at different
scales and weather patterns (table 5.6; MS-ESS2-5). Because many of the conditions that
determine weather are “permanent” on the timescale of ecosystems (latitude, topography,
proximity to water bodies), the weather patterns in a region remain relatively consistent.
The word climate refers to these consistent patterns of weather that each location
experiences. It rarely snows in San Francisco or Los Angeles, and it almost always rains
more often on the western side of the Sierra Nevada than the eastern side, and it rains
a lot more in Northern California (closer to the upward motion of air masses for Earth’s
two northern convection cells) than it does in Southern California (closer to the downward
motion of air masses from convection cells).
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Table 5.6. Air Movements and Weather
CONDITION

AIR MOVEMENT

WEATHER

SAMPLE
LOCATION

Convection cell near
equator

Warm moist air rising

Thunderstorms;
Heavy precipitation

Equatorial Pacific
Islands

Convection cell at
30° latitudes

Dry air sinking

Desert

Sahara Desert
Arabian Desert

Warm air mass and
cold air mass collide

Warm air rising

Clouds and
precipitation likely

Variable

Windward side of
coastal mountain

Moist air rising

Rain and/or snow

California Coast and
Sierra Nevada

Leeward side of
mountain

Dry air sinking

Clear weather

Central Valley
Southwest US desert

High pressure
system

Air sinking

Clear and sunny
weather

Variable

Low pressure system

Air rising

Cloudy and wet
weather

Variable

Table created by Dr. Art Sussman, courtesy of WestEd

Organism Traits, Heredity, and Reproduction
Ecosystems develop around the abiotic conditions such as climate because these
abiotic factors strongly influence the kinds of organisms that can live in an environment.
Organisms with certain structures and behaviors (adaptations) survive in the unique
conditions present in each environment while organisms without those adaptations might
not. Teams of students can research a distinctive environment (e.g., the barren granite of
the peaks in the Sierra Nevada, the dark shade beneath towering coastal redwood trees,
or the brackish mud of a salt marsh), organize and communicate information [SEP-8]
about the plant and animal traits that promote success in that environment. Sharing across
teams that have investigated [SEP-3] very different kinds of environments can then lead
to generalizations about significant patterns [CCC-1] . The question is, how do these traits
develop in organisms? This provides the transition to heredity and reproduction. Students
have been gathering evidence that organisms look and act like their parents since grade one
(1-LS3-1; 3 LS3-1). Now, they begin to develop models of the mechanisms for heredity.
Structures and behaviors of organisms are features that generally apply to all members
of a species. Examples of human features are eye color, body size, blood type, and
personality such as introversion/extroversion. If a feature normally has a pattern of varying
2016 California Science Framework
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among individuals, then we describe those variations as being traits of that feature. For
example, each different blood type is a trait, as is each different eye color or hair color.
Many features vary across a wide spectrum of possibilities, and we usually clump these
variations into groups that we generalize and simplify, such as describing people’s height
feature as being very short, short, average, tall, or very tall. For the middle grades student,
this discussion of traits goes beyond scientific facts (Health Education Standards 7–8.1.8G,
7–8.2.2.G).
Discussions of traits can get sidetracked by arguments about the roles of genes and/or
the environment in determining traits. Students gathered evidence in grade three that traits
can be inherited (3-LS3-1) or influenced by the environment (3-LS3-2), and now they must
integrate these two seemingly separate ideas. As discussed early in IS1, many features and
processes of the natural world occur across a wide spectrum of possibilities and often do not
fall definitively at one end of the spectrum or the other. In the case of organism traits, there
are some traits that are essentially all genetic (e.g., blood type) and other traits that have a
large environmental component (e.g., large muscles due to exercise or being able to play the
guitar). Most traits, however, are a combination of genetic and environmental influence, and
can be placed somewhere along the spectrum between the extreme examples (figure 5.20).
Figure 5.20. Genetic Versus Environmental Traits

Some traits are essentially all genetic, and some are mostly environmental. Most traits are strongly
influenced both by genes and the environment. Source: From Making Sense of SCIENCE: Genes
and Traits (WestEd.org/mss) by Daehler and Folsom. Copyright © 2015 WestEd. Reproduced with
permission.
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Students can experience the interplay between genetics and environment by analyzing
[SEP-4] actual height data from provenance studies in trees. Ponderosa pine trees have a

large range and have been extensively studied. In some areas of the western United States,
100-year-old ponderosa pines might be 60 feet tall, but in other areas they tower more
than 150 feet (Meyer 1938). Students can ask questions about what climatic conditions can
explain these differences. Then, students can plan an investigation [SEP-3] that would
determine if any of the height difference is due to genetic differences in the trees rather
than the environment. While students can’t actually wait decades for the results of their
investigations, they can determine what they would control for and what they would vary in
an experimental design. Then, they can obtain information from actual provenance studies
where seeds of trees from different environments are brought together and grown under
the same conditions (Callaham 1962). Seeds from some regions do indeed produce trees
that are shorter than other regions under all growing conditions; however, the tree that
grows tallest depends on the specific growing conditions in the experiment. For example,
a seed whose parents lived at high altitude in Northern Arizona grows taller than a seed
from the Sierra Nevada foothills of California in research trials when the days are cold and
the nights are warm, but the California seeds grow taller when both day and night are
moderate temperatures. In other words, students are now able to provide an evidencebased explanation based on scientific data from the field (MS-LS1-5) for the patterns they
observed in the classroom in grade three (3-LS3-1, 3-LS3-2).
In addition to a general emphasis on adaptations that promote growth and survival
(MS-LS1-5), the performance expectations in IS3 emphasize evaluating factors that promote
reproductive success (MS-LS1-4) and analyzing different modes of reproduction (MS-LS3-2).
Students know that some plants depend on animals from lessons in grade two when
they developed a simple design that mimicked the role of animals in pollinating flowers
(2-LS2-2). Students can examine how climate alters the reproductive behavior of plants by
examining the differences between insect-pollinated and wind-pollinated plants. What are
the benefits and disadvantages of each? Students consider if different climate conditions
would be more favorable to one method over another, providing their reasoning. They then
compare the structures of wind-pollinated plants with insect-pollinated plants, eventually
sorting through pictures and trying to identify the mode of pollination from the structure
(InquireBotany n.d.). Students construct an argument [SEP-7] supporting how these
structures increase the chance of successful reproduction (MS-LS1-4).
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Integrated Grade Six Snapshot 5.3:
Asexual and Sexual Reproduction
Anchoring phenomenon: Sunflowers, earthworms, strawberries, and whiptail lizards
reproduce using different processes.

Ms. Z wanted to use an engaging activity to help students transition from their
analyses of the causal connections between genes and traits to developing a
model [SEP-2] to compare asexual and sexual reproduction (MS-LS3-2). Basing
the activity on an interactive lesson from the University of Utah Learn.Genetics
Web site (Sexual versus Asexual Reproduction accessed at http://www.cde.ca.gov/ci/sc/cf/
ch5.asp#link10). Ms. Z provided background information about reproduction in sunflowers,
earthworms, strawberries, and whiptail lizards. Students discussed in teams how to describe the
reproductive process in each organism (asexual, sexual, or both) and the evidence [SEP-7]
for their categorizations. Whole-class sharing resulted in common answers and evidence.
Student teams then had time to explore the Web site (in a computer lab, in class with tablets,
at home, or in a library) to select two organisms that have different processes of sexual
reproduction.
The following day, student teams made system models [CCC-4] of the reproduction
processes for each of their two selected organisms. Each of the system models had to explain
[SEP-6] why the progeny would have identical or different genetic information from each
other. Students posted one of their system models on the wall, and then individually walked
around the room, and analyzed [SEP-4] each posted model. They posted sticky notes next
to the models with any questions or disagreements [SEP-7] they had with respect to the
conclusions and/or evidence. After the presenters had time to look at the sticky notes, the
whole class listened carefully as each presenting team appropriately responded [SEP-8] to
the comments.
Sexual reproduction in animals can then lead to investigations [SEP-3] that link back
to the body systems concepts in IS1. Students compile each of the reproductive processes
described in the online Learn.Genetics resource to list and compare all animal behaviors
that play a significant role in the reproduction. To do so, the students discuss the criteria for
how they will categorize different behaviors. If students have difficulty suggesting valuable
criteria, the teacher can prompt the discussion with examples such as choice, rigid instinctive
behavior, memory, reasoning, and flexibility. Students can do more research about some of
the examples that may lead to surprising findings, such as the amount of navigation, memory,
analysis, learning, and communication involved when a honeybee chooses where to fly to from
the hive to gather nectar.
Students then tie their understanding of reproduction back to regional climate. Are there
certain climate conditions where asexual reproduction might be advantageous (e.g., when a
successful organism needs to quickly reproduce) or where sexual reproduction might be better
(e.g., when climate conditions change and identical offspring will all be equally vulnerable
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Integrated Grade Six Snapshot 5.3:
Asexual and Sexual Reproduction
to dying off)? Ms. Z presents students with several brief case studies and asks students
to construct an argument [SEP-7] about which reproductive style is likely to be most
successful in each situation.
Investigative phenomenon: Bowerbirds, peacocks, fruit flies, and vervet monkeys
all put on displays where the male “shows off” for the female.

Ms. Z instructed students to extend their investigations [SEP-3] into behaviors by
focusing on female choice in reproduction (not including humans). Key factors related to
these investigations include stimuli provided by the male, female sensory receptors, female
behavioral response, and female memory (MS-LS1-8). The teacher provided a list of possible
examples (such as bowerbirds, peacocks, fruit flies, and vervet monkeys). For example,
female vervet monkeys respond more favorably to males that show caring behavior toward
infants. As a result, male vervet monkeys behave better toward infants when a female is
watching. Student teams picked one of the suggested examples of female choice or a different
one that they independently researched and evaluated [SEP-8] .
After the teams conducted the first round of research, the whole class decided on
the criteria for a complete investigation and report. Teams extended and concluded their
investigations by developing and presenting a report to the class about their example of
female choice including explaining [SEP-6] the evidence and reasoning how the behavior
affects the probability of successful reproduction (MS-LS1-4).
These life science learning experiences in grade six provide a foundation for deeper
explorations in grade seven (performance expectations and DCIs focused on LS2: Ecosystems)
and in grade eight (performance expectations and DCIs focused on L3: Heredity and L4:
Biological Evolution).

Animals and plants have intricate structures and behaviors for sexual reproduction, but
why? Whenever students identify patterns [CCC-1] in structure/function relationships
[CCC-6] , they should be encouraged to ask about the cause/effect mechanisms [CCC-2] .

In this case, each parent contributes to the traits of the offspring therefore leading to
greater diversity of traits. To connect this otherwise unconnected topic back to climate,
students can consider the question, How could a greater diversity of traits help an organism
survive in a wider range of climates? Students analyze [SEP-4] the results of Mendel’s
experiments with pea plants or other simple examples of genetic inheritance that allow
students to develop models of inheritance. The clarification statement of MS-LS3-2 indicates
that students should be able to construct models [SEP-2] of inheritance such as Punnett
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squares or other depictions and simulations.
While these simple models are useful, classic genetics tends to reinforce a preconception
that each trait is caused by one gene. Students may also hold a parallel preconception
that each gene influences only one trait. Students can counter these preconceptions by
citing evidence [SEP-7] such as that the ABCC11 gene on chromosome 16 influences the
type of earwax a person has and also the amount of underarm odor.
Figure 5.21 contrasts incorrect and correct conceptions about the causal [CCC-2]
linkages between genes and traits. As part of the developmental progression of the CA
NGSS, students do not need to understand the specifics mechanisms or terminology of DNA
or protein synthesis until high school.
Figure 5.21. Incorrect and Correct Ideas about Genes and Traits
IDEAS ABOUT Genes & Traits
INCORRECT

CORRECT

Each genetic trait is determined by the
alleles for a sing le gene.

Traits are usually determined by the
alleles of multiple genes.

Gene X

Gene X

Trait 1

Gene Y

Trait 1

Gene Z
INCORRECT

CORRECT

The alleles for a sing le gene only
influences one trait.

The alleles for a sing le gene typically
influence multiple traits.

Gene X

Trait 1

Trait 1

Gene X

Trait 2
Trait 3

Multiple genes typically determine a specific trait, and an individual gene typically influences
multiple traits. Source: From Making Sense of SCIENCE: Genes and Traits (WestEd.org/mss) by
Daehler and Folsom. Copyright © 2015 WestEd. Reproduced with permission.
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Integrated Grade Six Instructional Segment 4:
Effects of Global Warming on Living Systems

INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 4:
EFFECTS OF GLOBAL WARMING ON LIVING SYSTEMS
Guiding Questions
• How do human activities affect Earth systems?
• How do we know our global climate is changing?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS1-4. Use argument based on empirical evidence and scientific reasoning to support
an explanation for how characteristic animal behaviors and specialized plant structures affect
the probability of successful reproduction of animals and plants respectively. [Clarification
Statement: Examples of behaviors that affect the probability of animal reproduction could
include nest building to protect young from cold, herding of animals to protect young from
predators, and vocalization of animals and colorful plumage to attract mates for breeding.
Examples of animal behaviors that affect the probability of plant reproduction could include
transferring pollen or seeds, and creating conditions for seed germination and growth.
Examples of plant structures could include bright flowers attracting butterflies that transfer
pollen, flower nectar and odors that attract insects that transfer pollen, and hard shells on
nuts that squirrels bury.]
MS-LS1-5. Construct a scientific explanation based on evidence for how environmental
and genetic factors influence the growth of organisms. [Clarification Statement: Examples
of local environmental conditions could include availability of food, light, space, and water.
Examples of genetic factors could include large breed cattle and species of grass affecting
growth of organisms. Examples of evidence could include drought decreasing plant growth,
fertilizer increasing plant growth, different varieties of plant seeds growing at different rates
in different conditions, and fish growing larger in large ponds than they do in small ponds.]
[Assessment Boundary: Assessment does not include genetic mechanisms, gene regulation,
or biochemical processes.]
MS-ESS3-3. Apply scientific principles to design a method for monitoring and minimizing a
human impact on the environment.* [Clarification Statement: Examples of the design process
include examining human environmental impacts, assessing the kinds of solutions that are
feasible, and designing and evaluating solutions that could reduce that impact. Examples of
human impacts can include water usage (such as the withdrawal of water from streams and
aquifers or the construction of dams and levees), land usage (such as urban development,
agriculture, or the removal of wetlands), and pollution (such as of the air, water, or land).]
MS-ESS3-5. Ask questions to clarify evidence of the factors that have caused the rise in
global temperatures over the past century. [Clarification Statement: Examples of factors
include human activities (such as fossil fuel combustion, cement production, and agricultural
activity) and natural processes (such as changes in incoming solar radiation or volcanic
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INTEGRATED GRADE SIX INSTRUCTIONAL SEGMENT 4:
EFFECTS OF GLOBAL WARMING ON LIVING SYSTEMS
activity). Examples of evidence can include tables, graphs, and maps of global and regional
temperatures, atmospheric levels of gases such as carbon dioxide and methane, and the
rates of human activities. Emphasis is on the major role that human activities play in causing
the rise in global temperatures.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.B: Growth and
Development of Organisms

[CCC-2] Cause and Effect

[SEP-2] Developing and Using
Models

ESS3.C: Human Impacts on
Earth Systems

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ESS3.D: Global Climate
Change

[SEP-7] Engaging in Argument
from Evidence

ETS1.A: Defining and
Delimiting Engineering
Problems

[SEP-8] Obtaining, Evaluating,
and Communicating Information

ETS1.B: Developing Possible
Solutions

[CCC-4] System and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation
[CCC-7] Stability and
Change

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and
marine ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: MP.2, 6RP.1, 6.EE.6, 6.SP.2, 4
CA CCSS for ELA/Literacy Connections: RI.6.8, RST.6–8.1, 2 WHST.6–8.7, WHST.6–8.8
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a
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In this instructional segment, students collect evidence that Earth’s climate is changing.
At the grade six level, the scope of their understanding is intended to be limited. Students
analyze data [SEP-4] , recognize patterns [CCC-1] , and ask questions [SEP-1]

about what causes [CCC-2] these patterns. Students in the middle grades are not
expected to explain why the Earth is warming in much detail—they will develop models
explaining the causal mechanisms when they get to high school. The clarification statement
for MS-ESS3-5 indicates that emphasis should be placed on the way human activities might
influence the climate.
For this instructional segment, the anchoring phenomenon is that the temperature
on Earth has warmed over the last 150 years, but the pattern of warming is complex.
Students begin to analyze data [SEP-4] showing the temperature history over the last
century (figure 5.22). While graphs like figure 5.22 are simple enough for students to
interpret, scientists also use more sophisticated interactive displays of data that depict
how temperatures have changed in space and time. More advanced visualizations allow
students to zoom into areas of interest (such as regions within California) and watch the
time progression (see California Energy Commission, Cal-Adapt, http://www.cde.ca.gov/ci/
sc/cf/ch5.asp#link11). As students see the data depicted in new ways, they should be able
to ask more detailed questions. For example, the bottom panel of figure 5.22 shows that the
Northern Hemisphere has warmed more than the Southern Hemisphere. Why? The eastern
part of South America warmed more than the west. Is that due to deforestation of the
Amazon, or does it involve more complex interactions? The lowest temperatures are shortly
after 1900. What caused that? Did it affect the whole planet equally? These are the types
of questions [SEP-1] we want our students to start asking even though they won’t have
the tools to answer them yet in grade six.
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Figure 5.22. Temperature Changes Over Time

Global Mean Estimates based on Land and Ocean Data
Annual Mean
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How much has average temperature changed?
2000 to 2016 versus 1900 to 1999

2000 to 2016
cooler by 4°C

Average temperature difference
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Temperature changes over time depicted as a graph of average annual temperatures for the entire
globe since 1880 (top) and a map showing changes at different locations, comparing the average
from the first portion of the twenty-first century to the twentieth century (bottom). The twenty-first
century is warmer than the nineteenth and twentieth centuries. Source: NASA 2016
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Opportunities for ELA/ELD Connections
To help data come alive and help students compile it for a particular audience, have
them obtain information [SEP-8] about the effect [CCC-2] temperature changes
[CCC-7] have on sea level, glaciers, or storm intensity. In groups, or pairs, students
research one aspect of the effect of temperature change on sea level, glaciers, or
storm intensity using government reports summarizing these changes (such as EPA
Climate Change Indicators, National Climate Assessment, or NASA’s Climate Effects
Web portal). Working in groups, students collaborate on creating a one-page campaign
advertisement for an environmental magazine that includes a headline, a picture, and
a visual that represents [SEP-8] the data gathered. Have each group present its
advertisement to the class as if the class were the editing team of the environmental
magazine. To ensure that students who may need it have time to rehearse or practice
speaking, have the group decide each member’s role, including English learners, so all
students understand their part in the presentation.
CA CCSS for ELA/Literacy Standards: RST.6–8.2, 7; WHST.6–8.7, 9; SL.6–8.5
CA ELD Standards: ELD.PI.6–8.9

Causes of Climate Change
Several possible natural mechanisms exist that can cause [CCC-2] climate changes
[CCC-7] over human timescale [CCC-3] (tens or hundreds of years), including variations

in the Sun’s energy output, ocean circulation patterns, atmospheric composition, and
volcanic activity (ESS3.D). When ocean currents change their flow patterns [CCC-1] , such
as during El Niño Southern Oscillation conditions, some global regions become warmer or
wetter and others become colder or drier. When scientists make computer simulations that
include only these natural changes [CCC-7] , they cannot match the temperature changes
from the last century (figure 5.23). But there are also changes that are caused by human
activity (EP&Cs III, IV). Many aspects of modern society result in the release of carbon
dioxide and other greenhouse gases. These include automobiles, power plants or factories
that use coal, oil, or gas as an energy source, cement production for buildings and roads,
burning forest and agricultural land, and even the raising of livestock whose digestive
processes emit methane. Greenhouse gases increase the capacity of Earth to retain energy,
so changes in these gases cause changes in Earth’s average temperature. Changes in
surface or atmospheric reflectivity change the amount of energy from the Sun that enters
the planetary system. Icy surfaces, clouds, aerosols, and larger particles in the atmosphere,
such as from volcanic ash, reflect sunlight and thereby decrease the amount of solar
energy that can enter the weather/climate system. Many surfaces that humans construct
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(e.g., roads, most buildings, agricultural fields versus natural forests) absorb sunlight and
thus increase the energy [CCC-5] in the system [CCC-4] . As students analyze data
[SEP-4] about greenhouse gas concentrations in the atmosphere, they observe very

similar patterns [CCC-1] in the change in temperature (figure 5.24). In fact, computer
models of climate show that human activities are an important part of the cause [CCC-2]
of global temperature changes (figure 5.23).
Figure 5.23. Global Climate Outputs

Temperature Anomaly (°C)

Observations
1.0

Models using only natural changes
Models using both natural changes
and human-induced changes

Natural changes alone
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changes is global
average temperature.
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Outputs of different computer models of global climate compared to observations. The colored
bands are thick because they represent hundreds of different models created by many different
researchers using different assumptions. While the models have slight variations in their output,
only models that include human-induced changes can explain the observed temperature record.
Source: Adapted from figure SPM.4 from Climate Change 2007: Synthesis Report. Contribution
of Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change [Core Writing Team, Pachauri, R.K. and Reisinger, A. (eds.)]. IPCC, Geneva,
Switzerland.
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Opportunities for Mathematics Connections
Global average temperature rises as human activity emits more greenhouse gases.
This rate of emission depends on two key variables: population growth and energy
consumed per person. Students should construct an argument from evidence
[SEP-7] that connects these population and energy-use ideas to a significant
impact on Earth’s systems (MS-ESS3-4). To gather evidence for their argument,
students obtain information [SEP-8] from online resources that list population and
energy consumption patterns [CCC-1] . Students will use mathematical thinking
[SEP-5] to create meaningful comparisons between the energy use in different states
and countries. For example, energy use per person is an example of a “unit rate” from
ratio thinking in mathematics (CA CCSSM 6.RP.2). People in the United States use more
than twice as much energy per person than the average European country (U.S. Energy
Information Administration 2012), probably because our homes are bigger and spaced
further apart. Californians, on average, use less energy per person than nearly every
other state in the United States (U.S. Energy Information Administration 2012), partly
due to our mild climate and partly due to effective energy efficiency programs. Despite
this fact, the average Californian still uses more than 10 times more energy than the
average person on the continent of Africa. These comparisons are examples of using ratio
language (CA CCSSM 6.RP.1). Many developing countries around the world have growing
populations and are rapidly changing their lifestyles to include more energy-intensive
tools. They will start consuming energy at rates more like California or even the United
States average, which could have a huge impact on global climate and global emissions.
Computer models [SEP-2] that forecast changes [CCC-7] in global climate rely on
accurate estimates about energy consumption in the future. In high school, students will
use computer simulations to explore the effects of these assumptions (HS-ESS3-5).
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Figure 5.24. Global Warming Cause and Effect

Graphs with similar trends and patterns illustrate global warming causes and effects. Source: Figure
SPM.1 from Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team,
Pachauri, R.K. and Meyer, L. (eds.)]. IPCC, Geneva, Switzerland.
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Impacts of Climate Change on the Biosphere
Organisms have structural and behavioral adaptations that help them succeed and
reproduce in their current environment (MS-LS1-4). The climate changes that have already
happened affect behaviors of species, especially the timing of migrations, blooming, and
maturing of seeds. Computer analyses of business-as-usual climate change scenarios
project more dramatic and rapid changes that are likely to have deleterious effects on many
organisms (MS-LS1-5).
Each of the integrated courses for the middle grades includes performance expectations
that relate to human impacts on the environment. These are generally associated with DCI
LS2 (Ecosystems: Interactions, Energy, and Dynamics) and DCI ESS3 (Earth and Human
Activity). In addition to the global climate topic highlighted in the previous snapshot,
Integrated Grade Six includes MS-ESS3-4, which is focused on designing a method for
monitoring and minimizing a human impact on the environment. The following snapshot
addresses that performance expectation and has an emphasis on engineering design.

Integrated Grade Six Snapshot 5.4:
Monitoring and Minimizing Human Environmental Impacts
Anchoring phenomenon: Monarch butterflies fly long distances every year.

Following their investigations [SEP-3] related to climate change, students
in Ms. D’s class became concerned about the ways that climate change can
harm organisms and ecosystems. Monarch populations west of the Rocky
Mountains escape winter by flying long distances to California. Ms. D’s
students live in a coastal town with one of the major California winter nesting areas for
monarch butterflies. They were concerned when they learned that climate change was
affecting the migration of an organism important to the local community. Ms. D divided
her students into three teams (A, B, and C) that each designed a different solution that
could help the monarchs.
Students in Team A already volunteered with the local conservation group to protect
their public monarch protection area. The scale of the global climate change issue inspired
them to think at a broader scale [CCC-3] about all the places that the butterflies needed
during the summer and on their long journey to Central and Southern California. They
decided to gather information about the major threats that the butterflies faced on their
long journey and to network with schools on that pathway to collaborate on monitoring the
monarch population, identifying local threats to the monarchs (especially related to habitat,
food and climate), and developing possible local solutions to those threats (MS-ESS3-3).
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Integrated Grade Six Snapshot 5.4:
Monitoring and Minimizing Human Environmental Impacts
Investigative problem: How can we get more output from our solar panels?

Students in Team B argued that the monarchs, and many other organisms, needed
long-term solutions to climate change, such as switching to renewable energy sources.
They gathered information [SEP-8] about making electricity from solar photovoltaic
cells. Their project integrated physical science and Earth and space science DCIs into
designing a solution to a life science problem. The school was in the process of seeking
funds to purchase and install some solar modules. Team B started investigating how much
extra solar electricity the school could get if the solar cells tracked the Sun during the day
rather than remaining stationary, and whether those gains would be worth the cost. They
also investigated other issues related to the placement of the solar cells. They created
a poster that explained [SEP-6] how solar cells are energy conversion devices (PS3.A,
B) and included a model [SEP-2] of how sunlight travels in straight lines (PS4.B) until it
is absorbed by the solar cells, which are most efficient when oriented at a specific angle
relative to the incident light rays.
Investigative problem: How can we reduce the amount of energy and water
we use?

Students in Team C had learned about a different school in the county that had
instituted a successful major energy saving program. They wanted their school to
monitor and minimize consumption of electricity and natural gas (MS-ESS3-3). Team C
started analyzing data [SEP-4] about the school energy sources and consumption, and
what resources in the school and community were available for collaboration, especially
the local utility company. They were particularly interested in digital devices that could
monitor and control consumption of energy. These devices helped the students measure
and reduce the per capita energy consumption, which they will discuss again in grade
eight (MS-ESS3-4).
Ms. D assisted all three teams, helping them to establish a shared understanding about
clearly articulating criteria that could be used to evaluate the success of their project
and the constraints that could limit and impede success. In addition to collaborating and
sharing within their team, the students also had regular meetings to share across the
teams so they could gain insights and feedback from a larger and more diverse group. Ms.
D also encouraged the three teams to include in their criteria and constraints the longerterm prospects for each of their projects, and how they could use different communication
systems to implement their project and begin to support its sustainability.
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The focus in IS4 on monitoring/minimizing human environmental impacts as well
as on global climate change, complete the year’s science education and reconnect
with the systems thinking explored in IS1, especially the emphasis on properties of the
whole system [CCC-4] . Earth’s web of life is a property of the whole system that emerges
from the interactions of organisms with each other and with the huge diversity of Earth
environments. Similarly, the global climate is a whole-system property that emerges from
the interactions of the Earth subsystems, with each other, and with the inflow of sunlight.
Human actions can change the Earth system’s components and interactions in ways that
profoundly alter organisms and climate at local, regional, and global levels. The Integrated
Grade Six course can help build a middle grades foundation of science and engineering
understandings and practices related to citizenship and sustainability that can grow in depth
in the succeeding middle and high school grades. (Two EEI Curriculum units, Energy: It’s
Not All the Same to You http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link12 and Responding to
Environmental Change http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link13 provide a variety of
resources that can support this instruction.)

Grade Seven Preferred Integrated Course Model
This section is meant as a guide for educators on how to approach the teaching of the
California Next Generation Science Standards (CA NGSS) in grade seven according to the
Integrated Model (see the introduction to this chapter for details regarding different models
for grades six, seven, and eight). This section is not meant to be an exhaustive list of what
can be taught or how it should be taught.
A primary goal of this section is to provide an example of how to bundle the performance
expectations into integrated groups that can effectively guide instruction in four sequential
instructional segments (IS). There is no prescription regarding the relative amount of time
to be spent on each instructional segment. As shown in figure 5.25, the overarching guiding
concept for the entire year is “Natural processes and human activities cause energy to flow
and matter to cycle through Earth systems.”
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Figure 5.25. Grade Seven Integrated Storyline
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Evaluate solutions.
Analyze data.

Living and
nonliving things
are made of atoms

Matter cycles and
energy flows in
systems of all scales
within the Earth
system.

Engineering, Technology,
and Applications to
Science (ETS)

Physical Science (PS)

Earth and Space
Sciences (ESS)

Life Science (LS)

Instructional
Segment

Guiding Concept: Natural processes and human activities cause energy to flow and matter to cycle
through Earth systems.
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Each of the four instructional segments integrates the different disciplines. Concepts across
the domains integrate within each of the four instructional segments. Each instructional
segment has a summary sentence; for IS1 it is “Living and nonliving things are made of
atoms.” Figure 5.25 also indicates a sequence of concepts within each discipline such as
the progression in life science from the idea that organisms are made of molecules (IS1) to
photosynthesis (IS2) to ecosystem cycles of matter (IS3) to biodiversity concepts (IS4).
Students begin their exploration by categorizing the kinds of living and nonliving
matter in a natural environment. Guided research and hands-on investigations lead to
discussions and understandings about atoms and molecules. By comparing various solids,
liquids, and gases, students begin constructing an understanding that the interactions and
movements of submicroscopic particles result in properties of matter that we observe at
our macroscopic level of reality. Thoughtful applications of a crosscutting concept (CCC) can
help with the learning of the specific topic and simultaneously deepen the understanding
of the CCC. Instructional segment 2 expands the instructional focus by including a highly
detailed vignette that describes instruction over a much longer time period.
In IS 2, students investigate [SEP-3] physical changes and chemical reactions in
the contexts of organisms and rocks. With chemical reactions, atoms rearrange their
connections and form new substances. Chemical reactions also often involve the absorption
or release of energy. The formation by plants of food consumed by other organisms and the
breaking down of this food sets the stage for one strand of understanding cycles of matter
and flows of energy. The transformations of minerals and rocks provide a complementary
strand of physical and chemical changes that also involve cycles of matter and flows of
energy [CCC-5] . As they engage with these changes in very different contexts, students

can attain a deeper appreciation that the amount of matter always remains the same. In
physical changes and in chemical reactions, the numbers of each type of participating atom
remains the same (MS-PS1-5).
As the year progresses, students begin exploring cycles of matter and flows of energy
at larger scales [CCC-3] , such as in different kinds of natural environments and their
ecosystems. Ecosystems by their very nature embody the integration of Earth science and
life science. This integration is especially evident in the flows of matter and energy that
connect organisms with each other and with their physical environments.
Students also investigate the geoscience processes that change Earth’s surfaces at
varying time and spatial scales [CCC-3] , and that results in the uneven distribution of
Earth’s mineral, energy, and groundwater resources. These physical environments play
large roles in determining features of the organisms that live in the local ecosystems.
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Students explore biotic and abiotic interactions within these ecosystems, and the resulting
macroscopic cycles of matter, flows of energy, and changes in organism populations. These
general patterns [CCC-1] apply across ecosystems that may otherwise appear to be very
different from each other.
Toward the end of the year, students address challenges to sustainability by applying
their understanding of the natural processes and human activities that shape Earth’s
resources and ecosystems. These environmental challenges can cover a wide variety of
contexts such as adverse consequences of synthetic materials, natural hazards (e.g.,
earthquakes and hurricanes), climate change, and habitat destruction.
In IS4, students research issues related to sustaining biodiversity and ecosystem
services. They then have the responsibility to design engineering solutions that rely on the
basic science skills that they developed in earlier instructional segments. They apply their
knowledge, such as a systems-based [CCC-4] understanding of how Earth’s organisms,
including humans, are intimately connected with each other and with Earth’s cycles of
matter and flows of energy [CCC-5] . In their design challenges, students define the

problem, balance criteria and constraints, and evaluate their proposed solutions.
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Integrated Grade Seven Instructional Segment 1:
Organisms and Nonliving Things Are Made of Atoms
According to the developmental progressions in the CA NGSS (see appendix 1
of this framework), patterns [CCC-1] at the middle grades level include the concept that
“[m]acroscopic patterns are related to the nature of microscopic atomic-level structure.”
Instructional segment 1 constantly moves back and forth between these two scales [CCC3] as students confront phenomena and try to use models to explain them at the atomic

level.
INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 1:
ORGANISMS AND NONLIVING THINGS ARE MADE OF ATOMS
Guiding Questions
• How does the matter in living and nonliving things differ?
• How does adding or removing thermal energy affect the physical states of matter?
• How do interactions at the atomic level help us understand the observable properties of
organisms and nonliving matter?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-ESS3-1. Construct a scientific explanation based on evidence for how the uneven
distributions of Earth’s mineral, energy, and groundwater resources are the result of past and
current geoscience processes. [Clarification Statement: Emphasis is on how these resources
are limited and typically non-renewable, and how their distributions are significantly changing
as a result of removal by humans. Examples of uneven distributions of resources as a result
of past processes include but are not limited to petroleum (locations of the burial of organic
marine sediments and subsequent geologic traps), metal ores (locations of past volcanic
and hydrothermal activity associated with subduction zones), and soil (locations of active
weathering and/or deposition of rock).] (Introduced, but not assessed until IS3)
MS-LS2-3. Develop a model to describe the cycling of matter and flow of energy among
living and nonliving parts of an ecosystem. [Clarification Statement: Emphasis is on describing
the conservation of matter and flow of energy into and out of various ecosystems, and on
defining the boundaries of the system.] [Assessment Boundary: Assessment does not include
the use of chemical reactions to describe the processes.] (Introduced, but not assessed until
IS3)
MS-PS1-1. Develop models to describe the atomic composition of simple molecules and
extended structures. [Clarification Statement: Emphasis is on developing models of molecules
that vary in complexity. Examples of simple molecules could include ammonia and methanol.
Examples of extended structures could include sodium chloride or diamonds. Examples of
molecular-level models could include drawings, 3D ball and stick structures, or computer
representations showing different molecules with different types of atoms.] [Assessment
Boundary: Assessment does not include valence electrons and bonding energy,
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 1:
ORGANISMS AND NONLIVING THINGS ARE MADE OF ATOMS
discussing the ionic nature of subunits of complex structures, or a complete description of all
individual atoms in a complex molecule or extended structure is not required.]
MS-PS1-3. Gather and make sense of information to describe that synthetic materials come
from natural resources and impact society. [Clarification Statement: Emphasis is on natural
resources that undergo a chemical process to form the synthetic material. Examples of new
materials could include new medicine, foods, and alternative fuels.] [Assessment Boundary:
Assessment is limited to qualitative information.] (Introduced, but not assessed until IS4)
MS-PS1-4. Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.
[Clarification Statement: Emphasis is on qualitative molecular-level models of solids, liquids,
and gases to show that adding or removing thermal energy increases or decreases kinetic
energy of the particles until a change of state occurs. Examples of models could include
drawings and diagrams. Examples of particles could include molecules or inert atoms.
Examples of pure substances could include water, carbon dioxide, and helium.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

ESS3.A: Natural Resources

[CCC-2] Cause and effect

PS1.A: Structure and
Properties of Matter

[CCC-3] Scale, Proportion,
and Quantity

PS1.B: Chemical Reactions

[CCC-6] Structure and
Function

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-8] Obtaining, Evaluating,
and Communicating Information

PS3.A: Definitions of Energy

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: 6.EE.6, 6.RP.3, 6.NS.5, 7.EE.4, MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 7, WHST.6–8.2, 8
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a
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For this instructional segment, the anchoring phenomenon is based on students
looking at the world around them and considering, What are things in the world made
out of? Students can go outside to the schoolyard or nearby natural setting and sit
silently, recording in their notebook all the different materials they see nearby. Do they
observe patterns [CCC-1] that allow them to group matter into different categories (like
living, nonliving, or once living; solid, liquid, or gas)? Students can compare the local
environment around them to a picture or diagram of an environment that includes a full
range of materials that can motivate the rest of the unit (figure 5.26; see the Environment
Diagrams produced by WestEd for this purpose, http://www.cde.ca.gov/ci/sc/cf/ch5.
asp#link14). Environment diagrams should be selected so that they include living and
nonliving parts of environments (to motivate MS-LS2-3 in IS3) and illustrate processes
that may cause uneven distribution of resources in different environments (to motivate
MS-ESS3-1 in IS3). A single-environment diagram ties together all of grade seven (e.g.,
rivers), though students can also periodically break out into small groups to apply their
understanding to other environment diagrams.
Figure 5.26. A River Environment

A river environment with diverse forms of living and nonliving matter. Source: From Making Sense
of SCIENCE: Earth Systems (WestEd.org/mss) by Daehler and Folsom. Copyright © 2013 WestEd.
Reproduced with permission.

Particle Models of Materials in the Environment
A key feature of an environment diagram is the existence of water in all three states
(solid, liquid, and gas). Water is something students directly observe in their everyday life (at
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least in two of its three states, as water vapor is hard to directly observe, even though they
see its effects regularly), and they have explored the water cycle in grade six. As such, water
is the perfect bridge between the concrete observations that characterized elementary school
and observations in the middle grades where students use what they can see in everyday life
to infer what occurs at scales [CCC-3] that they cannot directly experience. What is water
made of, and what actually happens when it changes between solid, liquid, and gas?
Just as organisms are made of building blocks (cells) that are too small to see with the
naked eye (grade six MS-LS1-1), all matter is made of building blocks (particles) that are
orders of magnitude smaller, and that cannot be seen even with the most powerful light
microscopes. In grade five, students developed a model of matter made up of particles too
small to see. In the CA NGSS, students will progressively refine this model throughout the
middle grades and high school. In grade seven, students will include the following features:
•

Particles are always moving.

•

Particles can interact (including collide, attract, and repel one another).

•

Particles can be complex structures called molecules that are made up of
smaller particles called atoms. Or, particles can be individual atoms.

It is not until high school that students add the additional refinement that atoms have
an internal structure and are made up of parts that have positive and negative electrical
charges.
The structure [CCC-6] of atoms, the periodic table, and the details of chemical bonding
are all addressed in detail when it is developmentally appropriate during high school (HS-PS1-1
through HS-PS1-8). This focus contrasts with the 1998 CA Science Content Standards,
where the periodic table was introduced in grade five and the interior structure [CCC-6]
of atoms was introduced in grade eight. Part of the motivation is that these features are
best understood in light of a more complete understanding of electromagnetic interactions,
which are complex enough that they are introduced in high school. Teachers are expected
to use the names of elements and compounds essential for life and use language that
describes the atoms bonding together, but the features that make the elements different
and the details of chemical bonds are not required at the level of understanding expected
for the middle grades. Taking the time to develop a robust, particulate model of matter is a
significant undertaking and lays key foundations for success in high school physical science.
To emphasize this slow developmental progression, teachers should maintain the grade five
terminology of matter made as particles in the first part of the instructional segment and
then formally introduce the distinction between atoms and molecules near the end.
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In Integrated Grade Six, students investigated objects heating up as energy transferred
to them. These investigations introduced the DCI that thermal energy is really just the
energy of motion of individual particles (PS3.A). When studying the water cycle in grade
six, students also recognized changes in the state of matter (MS-ESS2-4). In grade seven,
they will develop models [SEP-2] that explain the relationships between thermal energy,
changes of state, and the motion of particles at scales too small to see (MS-PS1-4). Because
the focus is on developing a conceptual model, students spend most of their time in this
instructional segment observing simple phenomena involving heat transfer and trying to
develop a model at the level of particles for each situation. The evidence statement for
MS-PS1-4 outlines a range of “Connections” where students can connect their model to the
real world (in other words, students should be able explain or predict phenomena using their
model). In many cases, computer simulations or animations can quickly illustrate key concepts, but these models should not be introduced to students until they have time to grapple
with the observations and develop their own models. The specific representation they use to
depict their conceptual models can be physical, kinesthetic (using their bodies), pictorial (a
diagram), stop-motion animation, or anything else the students can dream up (figure 5.27).
As students create and manipulate their models, they are forced to decide how to represent
things; they must figure out where to move their bodies in a kinesthetic model, what to draw
in a diagram, etc. Each of these decisions requires them to think about what actually happens in the physical system. This process takes considerable time, and a simple two-minute
demonstration can sometimes spur model development and revision that takes several class
periods. For example, fill a cup with water and push a cork down to the bottom of the cup
and release it. It quickly rises to the surface. Do the same thing with a penny and it stays at
the bottom. In both cases, the water seems to be “pushing down” on the objects, so how
do individual collisions between particles cause the cork to rise up? If collisions are pushing
the cork upwards, why doesn’t it just keep going up and launch out of the water? And if we
figure all those things out, where in the system [CCC-4] does the energy [CCC-5] come
from to push the cork up? This particular example is too complex for grade seven and not
part of the evidence statement of MS-PS1-4, but we include it in this framework as an illustration to help teachers recognize that students will confront simple phenomena and have
to think about them very abstractly. Students should confront phenomena in a sequence of
increasing complexity, where each example requires them to build on the model they refined
in the previous example.
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Figure 5.27. Different Models of Gases
Physical Model

Kinesthetic Model

Pictorial Model

Stop Motion
Animation

electric drill

metal balls

Source: Diagram by M. d’Alessio with image adapted from Exploratorium Teacher Institute 2016.

First, students must refine their understanding that the temperature of a material
depends on the average speed of the particles that make it up. When students drop food
coloring into hot water, they observe that it spreads out more quickly than in cold water.
Students represent the water as closely spaced particles and the dye as different particles
and, through drawings, stop-motion animation, or other modeling techniques, illustrate how
collisions between particles spread the dye at a rate that depends on the temperature.
Students can consider the everyday phenomenon of measuring the air pressure in bicycle
tires on a cold morning and again later in the day after riding on hot pavement. To make
sense of the changes they see on the tire gauge, they should consider the question, What
is air pressure? To bring the phenomena into the classroom for investigation [SEP-3] ,
students can heat a flask topped by a balloon and watch as the air inflates the balloon and
then deflates as it cools. Repeating the process over and over again helps convince students
that the air is not escaping the system [CCC-4] as it “deflates,” but there is some change
of the air inside the system. Students must then use their model of matter as particles
separated by empty space to explain how the density of the air changes and how the
particles push each other apart as they collide.
Changes in particle kinetic energy can have other dramatic effects at the macroscopic
level, notably changes in physical state. Students can describe the differences they observe
at the macroscopic level between solids, liquids, and gases. Then, they must relate these
changes to interactions between particles at the particle level (table 5.7). Thinking about
water specifically can help this process because students share the familiar experience
of water changing from one state to another. This change requires only a change in
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temperature (and therefore kinetic energy of particles). The phenomenon that “you cannot
pull many solids apart” is a good clue that there must be some force that holds particles
together in addition to the collisions that push them apart.
Table 5.7. Comparing Solids, Liquids and Gases
PHYSICAL STATE

PARTICLE PERSPECTIVE

MACROSCOPIC
PROPERTIES

Solid

Particles have the least freedom
of motion. Forces of attraction
between particles lock them in
their local neighborhood where
they vibrate in place.

Solids maintain their volume and
keep their shape independent of
their container.

Particles have some freedom
of motion. Forces of attraction
keep each particle associated
with nearby particles. Particles
have too much kinetic energy
for the attraction to lock them in
place, so the particles slide past
each other and change their
neighborhoods.

Liquids flow as a unit and
maintain their volume. Liquids
adapt their shape to the
shape of their container. If the
container has more volume than
the liquid, then the liquid does
not fill the container.

Particles have so much kinetic
energy that they break
completely free of the attractive
force that would keep them in
the liquid state. Particles are
far enough apart that they do
not interact except when they
collide with other particles.

Gases have no fixed volume and
will spread out within any size
container.

State associated with
lowest temperatures
and/or highest
pressures.
Liquid

State associated
with “moderate”
temperatures and/or
“moderate” pressures.

Gas

State associated with
high temperatures
and/or “low”
pressures.

Given the example of solids and liquids, students can fill out the bottom row of this table (from right
to left) using their model of gases. Table developed by Dr. Art Sussman, courtesy of WestEd.

Students have already investigated the gas state in grade five and Integrated Grade Six,
so they should have the knowledge to make the claim that the empty space in the unfilled
glass actually has matter in the gas state (air consisting mostly of nitrogen gas and oxygen
gas). Students can explore interactive computer simulations that help them visualize the
accepted scientific model of molecular motion and extend their own model so that they
can explain [SEP-6] phase changes between solids, liquids, and gases, and the transfer
of energy [CCC-5] in terms of colliding molecules.
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Many students hold the preconception that water is one of the only materials that can
exist in all three states of matter. This false idea arises because it is one of few materials
that changes state over the range of temperatures in common, everyday experience.
Students can apply what they have learned about states of water to predict the behavior
of different substances. For example, copper is a solid at room temperature. What does
this tell us about the attraction between particles of copper compared to particles of
water? Particles of helium have very weak attraction with themselves or other particles.
Students can use their model [SEP-2] of phase changes to predict something about the
relative freezing temperature of helium compared to other gases like nitrogen, the biggest
component of air (table 5.8).
Table 5.8. Physical States at Normal Atmospheric Pressure
ELEMENT

GAS STATE

LIQUID STATE

SOLID STATE

Water

Above 100°C

From 0°C to 100°C

Below 0°C

Copper

Above 2,560°C

From 1,084°C to
2,560°C

Below 1,084°C

Helium

Above -270°C

Below -270°C

Never

Nitrogen

Above -196°C

From -196°C to
-210°C

Below -210°C

Table developed by Dr. Art Sussman, courtesy of WestEd.

Opportunities for ELA/ELD Connections
As a concluding activity, students create a set of true/false text cards with
statements that summarize particle interactions that happen under different
conditions and the resulting macroscopic properties of solids, liquids, and gases.
Working in groups, students exchange the cards with other students so they can
use what they have learned about states of water (see table 5.7 Comparing Solids,
Liquids, and Gases) to discuss the statements on the cards. They then use the true
cards as reasoning to help explain the behavior of different substances (such as helium,
nitrogen, and copper as shown in table 5.8).
CA CCSS for ELA/Literacy Standards: RST.6–8.2; SL.6–8.1
CA ELD Standards: ELD.PI.6–8.3
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For the next “everyday phenomenon,” students return to the environment diagram
(figure 5.26), which shows a snow-capped mountain. In grade six, students observed
patterns that led them to the Earth and space science DCI that water condenses into rain
drops as air masses rise and therefore precipitation is more likely at high altitude. Why? And
why is it colder at high altitudes? Students must use their model of particles and physical
science DCIs to develop the definition of air pressure in terms of particles. How does a
change in pressure cause a change in temperature? Students can investigate air pressure
in the classroom by exploring the phenomena of inflating a tire with a bicycle pump (which
warms up), and then rapidly deflating the tire and feeling the valve cool down.
Looking further at the environment diagram, what other effects can students explain?
Why are rocks hard and resistant to erosion? (They must be made from materials where
the attraction between them is strong). What happens when water flows over a rock and
weathers it into pieces? (The collision of water particles with the rock particles must be
strong enough to break the attraction between rock particles). How does a stream move
sediment grains? (Collisions between water particles and rock particles push the rock
downstream).

Particles Can Be Simple Atoms or Complex Molecules
As students explore matter as particles, they notice that not all particles behave the
same. We breathe in oxygen but breathe out something called carbon dioxide. We drink
water and eat sugar. Each of these names is just a label to describe a material with distinct
properties. Some of these materials are made of simple particles that we call atoms, but
often two or more simple particles can combine to make much more complicated particles
called molecules. Teachers can introduce this terminology of atom and molecule by
providing physical models of these combinations (MS-PS1-1) using interconnecting plastic
toy bricks, sticky notes, or digital representations. Not only do these models depict atoms
that are chemically bonded together, but they also introduce students to the concept of
molecular shape. Molecular structure [CCC-6] is crucial in determining the behavior
and function of these molecules in living systems [CCC-4] , but also in determining the
properties of water and other inorganic compounds. It should be emphasized that explaining
these applications is outside the scope of the middle grades (for example, water’s polarity
cannot be explained without a detailed understanding of the internal structure [CCC-6] of
the atom and chemical bonding), but this performance expectation lays the foundation for
more advanced study. Students will build on this terminology in IS2.
Today, mass spectrometers, x-ray diffractometers, and other devices allow scientists
to take materials, crush them into a powder, and determine their composition (atoms and
2016 California Science Framework

Chapter 5

433

Grade Seven Preferred Integrated Course Model
molecules). If students could take objects from the environment diagram and place them in
these devices, they would find that the majority of living things are made of just a few types
of atoms. These same types of atoms are common in the nonliving parts of the environment
and in synthetic materials as well (MS-PS1-3, assessed in IS3). Teachers can simulate this
process using an interactive Web page where students click on objects or use flashcards
with object pictures on one side and a simplified molecular and atomic composition of the
object on the other side. Exploring this data set, students can identify patterns [CCC-1]
in the common types of atoms in the natural environment and begin to develop models of
how matter cycles [CCC-5] in the environment. They will examine these cycles in more
detail in IS2.

Integrated Grade Seven Instructional Segment 2:
Matter Cycles and Energy Flows through Organisms and Rocks
Students apply their understanding of materials to the cycling of matter [CCC-5]
in two different systems [CCC-4] , the cycle of rock material in the geosphere and the
cycling of biomass between organisms. In each case, the flow of energy [CCC-5] within
the system is intimately tied to the flow of matter.
INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 2:
MATTER CYCLES AND ENERGY FLOWS THROUGH ORGANISMS AND ROCKS
Guiding Questions
• How do rocks and minerals record the flow of energy and cycling of matter in the Earth?
• How do we get energy from our food?
• How are hot objects different than cold objects? What changes when they heat up or cool
down?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS1-6. Construct a scientific explanation based on evidence for the role of
photosynthesis in the cycling of matter and flow of energy into and out of organisms.
[Clarification Statement: Emphasis is on tracing movement of matter and flow of energy.]
[Assessment Boundary: Assessment does not include the biochemical mechanisms of
photosynthesis.]
MS-LS1-7. Develop a model to describe how food is rearranged through chemical reactions
forming new molecules that support growth and/or release energy as this matter moves
through an organism. [Clarification Statement: Emphasis is on describing that molecules
are broken apart and put back together and that in this process, energy is released.]
[Assessment Boundary: Assessment does not include details of the chemical reactions for
photosynthesis or respiration.]
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 2:
MATTER CYCLES AND ENERGY FLOWS THROUGH ORGANISMS AND ROCKS
MS-ESS2-1. Develop a model to describe the cycling of Earth’s materials and the flow of
energy that drives this process. [Clarification Statement: Emphasis is on the processes of
melting, crystallization, weathering, deformation, and sedimentation, which act together to
form minerals and rocks through the cycling of Earth’s materials.] [Assessment Boundary:
Assessment does not include the identification and naming of minerals.]
MS-PS1-2. Analyze and interpret data on the properties of substances before and after the
substances interact to determine if a chemical reaction has occurred. [Clarification Statement:
Examples of reactions could include burning sugar or steel wool, fat reacting with sodium
hydroxide, and mixing zinc with hydrogen chloride.] [Assessment Boundary: Assessment is
limited to analysis of the following properties: density, melting point, boiling point, solubility,
flammability, and odor.]
MS-PS1-5. Develop and use a model to describe how the total number of atoms does not
change in a chemical reaction and thus mass is conserved. [Clarification Statement: Emphasis
is on law of conservation of matter and on physical models or drawings, including digital
forms that represent atoms.] [Assessment Boundary: Assessment does not include the use of
atomic masses, balancing symbolic equations, or intermolecular forces.]
MS-PS1-6. Undertake a design project to construct, test, and modify a device that either
releases or absorbs thermal energy by chemical processes.* [Clarification Statement:
Emphasis is on the design, controlling the transfer of energy to the environment, and
modification of a device using factors such as type and concentration of a substance.
Examples of designs could involve chemical reactions such as dissolving ammonium chloride
or calcium chloride.] [Assessment Boundary: Assessment is limited to the criteria of amount,
time, and temperature of substance in testing the device.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
MS-ETS1-3. Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
MS-ETS1-4. Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 2:
MATTER CYCLES AND ENERGY FLOWS THROUGH ORGANISMS AND ROCKS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

LS1.C: Organization for Matter
and Energy Flow in Organisms

[CCC-1] Patterns

[SEP-2] Developing and
Using Models

PS1.A: Structure and Properties
of Matter

[SEP-4] Analyzing and
Interpreting Data

PS1.B: Chemical Reactions

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)
[SEP-7] Engaging in
Argument from Evidence

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation
[CCC-7] Stability and
Change

PS3.D: Energy in Chemical
Processes and Everyday Life
ESS2.A: Earth’s Materials and
Systems
ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: 6.EE.9, MP.2, MP.4, 6.SP.4, 5, 7.EE.3, 7.SP.7
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 2, 3, 7, WHST.6–8.2, 7, 8, 9, SL.7.5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a

Students have been investigating the relationships between plants and animals since
kindergarten (K-LS1-1), and they supported the claim that plants get the matter they need
from air and water in grade five (5-LS1-1), thus tying the biosphere to the rest of Earth
systems. The vignette below illustrates one approach to teaching about energy and matter
flows in living systems in the middle grades.
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Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS1-6. Construct a scientific explanation based on evidence for the role of
photosynthesis in the cycling of matter and flow of energy into and out of organisms.
[Clarification Statement: Emphasis is on tracing movement of matter and flow of energy.]
[Assessment Boundary: Assessment does not include the biochemical mechanisms of
photosynthesis.]
MS-LS1-7. Develop a model to describe how food is rearranged through chemical reactions
forming new molecules that support growth and/or release energy as this matter moves
through an organism. [Clarification Statement: Emphasis is on describing that molecules
are broken apart and put back together and that in this process, energy is released.]
[Assessment Boundary: Assessment does not include details of the chemical reactions for
photosynthesis or respiration.]
MS-PS1-2. Analyze and interpret data on the properties of substances before and after the
substances interact to determine if a chemical reaction has occurred. [Clarification Statement:
Examples of reactions could include burning sugar or steel wool, fat reacting with sodium
hydroxide, and mixing zinc with hydrogen chloride.] [Assessment Boundary: Assessment is
limited to analysis of the following properties: density, melting point, boiling point, solubility,
flammability, and odor.]
MS-PS1-5. Develop and use a model to describe how the total number of atoms does not
change in a chemical reaction and thus mass is conserved. [Clarification Statement: Emphasis
is on law of conservation of matter and on physical models or drawings, including digital
forms that represent atoms.] [Assessment Boundary: Assessment does not include the use of
atomic masses, balancing symbolic equations, or intermolecular forces.]
MS-PS1-6. Undertake a design project to construct, test, and modify a device that either
releases or absorbs thermal energy by chemical processes.* [Clarification Statement:
Emphasis is on the design, controlling the transfer of energy to the environment, and
modification of a device using factors such as type and concentration of a substance.
Examples of designs could involve chemical reactions such as dissolving ammonium chloride
or calcium chloride.] [Assessment Boundary: Assessment is limited to the criteria of amount,
time, and temperature of substance in testing the device.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
MS-ETS1-3. Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
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MS-ETS1-4. Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

LS1.C: Organization for Matter
and Energy Flow in Organisms

[CCC-1] Patterns

[SEP-2] Developing and
Using Models

PS1.A: Structure and Properties
of Matter

[SEP-3] Planning and
Carrying Out Investigations

PS1.B: Chemical Reactions

[SEP-4] Analyzing and
Interpreting Data
[SEP-6] Constructing
Explanations and Designing
Solutions
[SEP-7] Engaging in
Argument from Evidence

PS3.D: Energy in Chemical
Processes and Everyday Life
ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-3] Scale, Proportion
and Quantity
[CCC-4] System and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

ETS1.C: Optimizing the Design
Solution

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
CA CCSS Math Connections: MP. 5
CA CCSS for ELA/Literacy Connections: RST.6–8.7, 9; SL.7.1
CA ELD Connections: ELD.PI.6–8.1, 9

Introduction
This vignette illustrates the integration of life and physical science concepts
surrounding energy and matter flows [CCC-5] in living systems [CCC-4] . It is designed to
illustrate a large section of IS2 within the Integrated Grade Seven course. Instruction spans
nearly three weeks, beginning at the scale of entire ecosystems, zooming down to the scale
[CCC-3] of individual atoms and molecules, and then returning back to the scale of individual
organisms within the ecosystem.
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Day 1: Classifying changes in a natural environment
Students identify changes that happened over 200 years in a river environment and ask
questions about the similarities and differences between these changes.
Day 2: Identifying and Defining Chemical Changes
Students analyze observations of substances before and after they interact to determine
features characteristic of chemical changes.
Days 3–4: Models of Photosynthesis
Students engage in a short engineering design challenge to find an effective physical
model for atoms and molecules in the photosynthesis reaction.
Day 5: Energy and the chemical reaction of respiration
Students struggle with and discuss how to represent energy using their physical model of
the respiration reaction.
Days 6–8: “Energy Love” Investigations
Students explore hands-on stations with different devices that use or give off energy and
try to develop a definition of energy (a task as difficult as defining love). When that fails, they
resort to categorizing different forms of energy.
Day 9: Models of Energy from Food
Students grapple with models of the flow of energy in a chemical system.
Days 10–13: Engineering design challenge to quantify energy released
Students refine the design of a food calorimeter that converts chemical potential energy
into thermal energy.
Day 14: Organism energy/matter system diagram
Students develop a model of the energy flow and matter cycling at the scale of organisms
in an ecosystem.

Day 1: Classifying changes in a natural environment
Anchoring phenomenon: Within a river environment, a lot changes in 200 years.
Plants and animals live and grow.

In IS1, students noted the kinds of matter that exist in natural environments. They had
begun with whole-class discussions focused on a river environment viewed 200 years ago
(figure 5.26). To start IS2, Mr. G presented students with a new illustration of the same location
today (figure 5.28). What has changed?
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Figure 5.28. River Environment

The previously viewed river environment 200 years later. Source: From Making Sense of
SCIENCE: Earth Systems (WestEd.org/mss) by Daehler and Folsom. Copyright © 2013
WestEd. Adapted with permission.
Students excitedly began working in groups to compare the two diagrams. Students listed
many differences including trees that had fallen or that had grown considerably, and the
appearance of a live deer. Then they included more subtle changes such as the disappearance
of the deer carcass, erosion of rock, and widening of the river at the base of the waterfall.
After the whole class shared and reached a class consensus about the changes, Mr. G
distributed a short illustrated reading about the differences between a physical change and
a chemical reaction. Reading and writing individually, and then discussing in pairs, students
generated a list of scientific questions [SEP-1] about the changes that had happened in the
natural environment. In the subsequent whole-class discussion, questions emerged about
physical and chemical changes.
Juanita had argued, “A change can be both a physical change and a chemical change. Why
does it have to be only one of them?” Alex had taken that argument [SEP-7] in a different
direction by saying some of the changes should be classified as “biological changes,” a third
category separate from the other two. Mr. G asked the students to think about these and
other questions as they completed the homework reading and questions about physical and
chemical changes.
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Day 2: Identifying and Defining Chemical Changes
Investigative phenomenon: When substances mix, sometimes unusual things
happen and sometimes they don’t.

When students mixed substances together in grade five, they found that sometimes
new substances formed and sometimes they did not (5-PS1-4). Mr. G set up a similar series
of investigations [SEP-3] to pinpoint specific changes in physical properties (change in color,
bubbling of a gas, or an increase in temperature) that tended to indicate a chemical change
had happened. They analyzed [SEP-4] the results of their investigations by organizing their
observations and looking for patterns [CCC-1] in what they saw, heard, smelled, or felt (MSPS1-2). Students liked the idea that the changes in physical properties were similar to clues
in a mystery story or crime scene investigation. The investigation included some examples
that appeared to be chemical changes (gas bubbling out of a soda can) but were really just
physical changes. This emphasis on the word “just” helped students distinguish between the
two kinds of changes.
Juanita shared a Venn diagram that she had made to answer her own previous question
about whether something could be both a physical and a chemical change. Her diagram
showed that both kinds of changes had alterations in physical properties (the shared circle
in the middle), but only chemical changes had changes in the bonding of the atoms within
molecules. The physical change circle showed water boiling with the words “It’s all still
H2O.” The chemical change circle showed a wood fire and smoke with the words “New
substances appear.” Lorena was particularly troubled by this phrase and asked, “How do these
substances magically appear?” Mr. G encouraged Lorena and Juanita to repeat several of
the investigations in a sealed bag so that no matter could enter or leave and watch to see if
the mass changed. As they found in grade five (5-PS1-2), the mass remained the same after
each change. “See, whatever stuff starts in the bag stays in the bag,” gloated Lorena. Juanita
recognized that her words were misleading and erased them to read, “Old substances change
into new substances.” Mr. G highlighted the new phrase to the class and asked students to
work in teams to rewrite Juanita’s idea using the terms atoms and molecules. After students
shared their ideas, Mr. G introduced the new term, chemical bond to describe how the atoms
stay together as molecules. “What exactly is a chemical bond?” asked Pedro.
Days 3–4: Models of Photosynthesis
Investigative phenomenon: Trees grow using air and water

In the next lesson, Mr. G connected the student questions about changes in atomic
connections with the chemical change that all the student groups had identified in the river
environment— the photosynthesis that had enabled the tree to grow so much. Mr. G asked
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students to call out what plants need to grow. He pointed out that air and water are both
made of molecules. Within the plant, these substances change into new substances. Mr. G
rewrote the needs as chemical formulas and then wrote out the rest of the balanced equation
for photosynthesis on the board. He emphasized that the arrow in the chemical equation
represented the chemical change. He then provided interconnecting plastic toy bricks to
students and instructed them to create a model [SEP-2] of that reaction. Each group of
students had a variety of colorful toy bricks that they could assemble in their work areas.
Marco, the reporter for one student group, described how they used a different type of toy
brick for each molecule. Most of the other student groups had used a similar type of modeling.
Marco explained how their model [SEP-2] represented carbon dioxide with the small black
brick (“just like coal”), water with the small blue brick (“just like the ocean”), glucose with the
big white brick (“just like a sugar cube”), and oxygen with the small red brick (“just like fire”).
Kelly, another member of the same student group, proudly added that they had used six of
each type of brick except for only one white brick so their model was just as correct as the
equation that Mr. G had put on the board. She also pointed out, “In case you did not notice it,
I was making an argument based on evidence [SEP-7] .”
Juanita and Alex called everyone’s attention to their group. Alex explained that they had
tried to use models where each type of toy brick represented a different kind of atom. Their
group liked that idea because they thought it would help show how the connections between
the atoms changed during the reaction. However, when they tried to put the glucose molecule
together, “The whole thing got very messy and we argued about whether our model [SEP-2]
was really helping us understand the chemical reaction.”
Mr. G used this discussion as an opportunity to share illustrations of models that scientists
use to represent the bonding within molecules and the shapes of common molecules (carbon
dioxide, water, glucose, and oxygen). He asked teams of students to discuss what kind of
materials that they might use to represent those molecules and the photosynthesis equation.
As students presented their ideas, Mr. G emphasized that the class was engaging in a simple
engineering design problem. This prompted them to discuss the problem in terms of the
criteria and constraints. They noted one constraint was that they could only use inexpensive
materials. One significant criterion was that there needed to be different representations for
each kind of atom so they could track the changes in bonding associated with the reaction.
By the end of the class period, students had reached a consensus on using different colored
sticky notes to represent the three different types of atoms involved (figure 5.29). Students
also wanted to use a smaller size sticky note to represent hydrogen since they knew that it
was the smallest atom.
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Figure 5.29. Classroom Model of a
Glucose Molecule

At the start of the next day, each group
gathered supplies of sticky notes and
began to assemble them to model [SEP-2]
photosynthesis. Most of the student
groups successfully created a model of a
glucose molecule. They had also used the
correct numbers of all the molecules. They
were able to use the model as evidence
to explain [SEP-6] that in the reaction
none of the atoms had disappeared, and
that there were also no new atoms in the
products (MS-PS1-5). The products side of
their model had exactly the same numbers
and kinds of atoms as the reactants side of
their model. Mr. G reinforced their use of
A model of a glucose molecule with
the term conservation of matter to describe
different colors representing carbon (C),
this feature of chemical reactions. Students
oxygen (O) and hydrogen (H). Provided
by Dr. Art Sussman, courtesy of WestEd.
inquired if physical changes also featured
this rule of conservation of matter. After
some discussion and additional modeling, they agreed that all changes followed this rule.
Days 5: Energy and the chemical reaction of respiration
Investigative phenomenon: Animals can get their energy from eating plants.

In the next lesson, Mr. G displayed the two river-environment diagrams and facilitated
the students in discussing and reporting about the different chemical reactions. They all
identified the deer and the bird as examples of organisms that were doing respiration.
Marco noted that back in grade six they had learned that respiration happened in both
plant cells and in animal cells, so plants must do respiration, too.
Following that introduction, Mr. G challenged the students to use the sticky notes
to model [SEP-2] the reaction of respiration. There was some grumbling about having to
make the sugar molecule again, but Mr. G reminded them that not only did plants always
make sugar without any whining, the plants also did not complain about being eaten.
While his comment was sarcastic, Mr. G recognized that he had not always spent so much
time on topics before moving on in the past. He went on to explain that practicing their
skills and applying them to new situations is what leads to effective learning.
When it was time to share in groups, the students seemed comfortable with the
concept that photosynthesis and respiration were examples of chemical reactions. They
also cited the evidence [SEP-7] that in chemical reactions the atoms changed their
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connections and that the amount of mass remained constant. Students knew that plants
get energy from photosynthesis and animals get energy from plants, so they asked Mr. G
about how they should model the energy in these chemical reactions.
Marco said that his group had talked about attaching a red sticky note to their glucose
molecule, but they argued about where to put it and whether they needed to put a
different red sticky note in each place where the atoms connected with each other. Kelly
added that the group also had questions [SEP-1] about whether they should attach red
sticky notes to the other molecules, and how to represent the energy that was released
during the respiration chemical reaction.
Other students joined in with their own ideas to argue [SEP-7] whether and how to
represent energy in their models, and what was actually happening with energy in the reaction. By the end of the class discussion, there seemed to be general agreement that they
would not use sticky notes to represent energy because “energy was like a whole different
kind of thing or idea than matter.” The students concluded that they needed to spend more
time talking and learning about energy, and specifically the changes in energy [CCC-5]
during chemical reactions.
Days 6–8: “Energy Love” Investigations
Investigative phenomenon: (Students investigate a range of devices that use or
give off energy.)

Mr. G set up stations around the room for students to explore different forms of
energy. Each station had cryptic labels and instructions such as a ball labeled “Drop me,”
a bowl of fresh fruit with the label “Eat me,” and a radio playing music with the label
“Dance with me.” On the board, Mr. G had written the instructions, “Describe how each
station relates to energy.” As the students circulated between the stations, they discussed
everything they knew and wondered about energy from their previous science classes and
real-world experiences. Mr. G helped them develop and compare Frayer diagrams about
the concept of energy. In the end, they concluded that there was no simple definition of
energy that they could memorize and repeat back word for word on a test question to
prove that they understood the science concept of energy. Some students seemed to find
some consolation when they could not agree on a definition of “love.” Alex summed it
up by saying, “I can’t define love, but I know different kinds of love when I see and feel
them. Maybe it will be the same with energy.”
Over the next several days, Mr. G referred to the different stations and subsequent
hands-on experiences as their “energy love” investigations. Mr. G then asked the students to
categorize the investigations based on patterns [CCC-1] they noticed. After some discussion,
the class settled on two categories and developed a summary table that listed examples of
“Energy of Motion” and “Energy of Position.” With that common background established,
Mr. G steered the class back to the chemical reactions of photosynthesis and respiration.
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ENERGY OF MOTION

ENERGY OF POSITION

Energy due to the motion of matter

Energy due to the relative positions of matter

Kinetic Energy

Gravitational Potential Energy

Thermal Energy “often called Heat Energy”

Elastic Potential Energy

Light Energy

Chemical Potential Energy

Sound Energy

Magnetic Potential Energy

Electrical Energy

Electrostatic Potential Energy

Source: From Making Sense of SCIENCE: Energy (WestEd.org/mss) by Daehler, Shinohara,
and Folsom. Copyright © 2011a WestEd. Adapted with permission.

Investigative phenomenon: Pulling back a slingshot just a few inches can launch a
walnut all the way across the schoolyard.

In the final investigation of the “energy love” series, students modeled [SEP-2] the
changes in potential energy when using a slingshot to propel a walnut across the schoolyard
(employing appropriate safety precautions). The prompt involved listing examples of three
forms of potential energy (elastic, gravitational, and chemical), and the changes in those
forms of potential energy. Perry’s diagram was typical for the class (figure 5.30).
Figure 5.30. Student Diagram of Changes in Potential Energy

Student diagram of changes in potential energy accompanying the propulsion of a walnut
by a slingshot. EPE was the abbreviation the class used for elastic potential energy and GPE
for gravitational potential energy. Source: From Making Sense of SCIENCE: Energy (WestEd.
org/mss) by Daehler, Shinohara, and Folsom. Copyright © 2011a WestEd. Reproduced with
permission.
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In debriefing the investigation, Mr. G pointed out that the assignment had specified
describing the chemical potential energy within their diagram, yet most diagrams did not
mention chemical potential at all. Perry defended his diagram by saying, “We did elastic and
gravitational, but there is no food in this diagram so we did not include chemical.”
After Marco pointed out that the walnut is food, Perry replied, “Okay, the walnut is food
and has chemical potential energy, but that energy didn’t change in the experiment. We didn’t
eat or burn the walnut.”
Talking in groups, students discussed whether there was anything else in the diagrams that
had chemical potential energy. While at first there was resistance and a tendency to identify
the chemical potential energy only with food, the group and class discussions eventually led
to the realization that all the matter in the diagram had chemical potential energy: air, ground,
slingshot wood, and slingshot rubber band.
Day 9: Models of Energy from Food
Everyday phenomenon: We get hot when we exercise.

After all this “energy love,” Mr. G returned to the question, “How do we get energy from
our food?” and asked students to draw or write a response for their warm-up. Most students
chose to write a response, and most included the phrase, “Chemical potential energy gets
converted into kinetic energy.” While they all had “correct” answers, Mr. G pointed out
that most of the class used the passive voice that energy “gets converted.” What does the
converting? How does that happen? Trying to convey enthusiasm about a new unexplained
challenge, Mr. G said, “I think that we still don’t have a good model [SEP-2] of what causes
[CCC-2] that energy conversion. If we did, more of you would have drawn that model.” Mr.
G next provided students a clue—he cited the everyday phenomenon that people get all hot
and sweaty when they exercise. Why do we get hot? Mr. G reminded students where they
left off yesterday that all materials have chemical potential energy stored in their bonds. The
students worked in teams to refine their model of the changes in energy that go into cells as
food and then molecules get rearranged during cellular respiration (MS-LS1-7). During wholeclass discussion, teams held up molecules from their sticky note models of respiration and
said that the chemical energy in the products (water and carbon dioxide) must be smaller
than the total chemical energy of the reactants (glucose and oxygen) because energy left
the system [CCC-4] as thermal energy or kinetic energy when the atoms got rearranged into
new molecules. Mr. G then asked them if they could imagine a situation where a system would
get cooler because of a chemical reaction, and they replied that energy would have to come
into the system to make the energy of the products greater than the energy of the starting
reactants. They discussed the chemical reactions in a first aid cold pack (figure 5.31).
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Figure 5.31. Two Different Categories of Chemical Reactions
Energy-Releasing Actions

Energy-Absorbing Actions

Total Energy of Reactants > Total
Energy of Products

Total Energy of Reactants > Total Energy
of Products

Comparing the total energy of reactants and of products, and relating their relative amounts to
whether a reaction releases or absorbs energy. Provided by Dr. Art Sussman, courtesy of WestEd.
Days 10–13: Engineering design challenge to quantify energy released
Investigative Problem: How do we capture as much of the energy as possible in a
calorimeter so that we can measure the chemical potential energy in food?

One of Mr. G’s favorite hands-on activities to do with students had been to burn different
kinds of foods to quantify and compare the amounts of thermal energy released per gram of
food item. Several years ago he had stopped using this activity as he had concluded that while
the students had enjoyed the activity, it had not reinforced their understandings of chemical
potential energy in the ways that he had wanted. After participating in the CA NGSS professional
development and planning with his middle grades team, he decided to try this activity in a
different way that emphasized engineering design. He also wanted students to have more
active roles than simply following directions, recording their results on a data sheet created by
the teacher, and then doing the calculations based on a formula provided by the teacher.
The activity began with students bringing in food labels. Sharing the food labels with
each other, the students raised questions [SEP-1] and also provided answers about food
contents, the meaning of calories, and the connections with chemical reactions and chemical
potential energy. Mr. G then showed the students a prototype calorimeter made out of a soda
can. Students would refine this device to convert the chemical potential energy in the food to
thermal energy (MS-PS1-6) that they can use to determine the number of calories of a food
sample. The calculations were advanced for his middle grades students (they would complete
this activity in the high school Three Course Model Chemistry in the Earth System course), but
but Mr. G had set up an interactive spreadsheet where all they do is enter their measurements
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and they get the estimate of the food’s calorie content. Mr. G wanted the students to optimize
this prototype so that it created more accurate estimates. Students brainstormed a list of
major criteria [SEP-1] for their design challenge that included safety, cost, and accuracy (MS
ETS1 1). To make the device more accurate, they needed to capture as much of the energy
[CCC-5] from the food as possible. Safety concerns placed constraints on the types of
materials they could use (they must be non-flammable).
The student groups had numerous opportunities to share plans with each other, critique
each other’s ideas (MS-ETS1-2), and refine their plans before getting approval from Mr. G to
proceed with the construction and testing of their devices. The class as a whole determined
the foods that would be tested, again using the same design criteria but being especially
cognizant of the issue of food allergies. Students collaboratively worked on designing the data
sheets that they would use. In addition, students had multiple opportunities to iteratively
test and improve their device subject to limitations imposed by the teacher and the rest of
the class (MS-ETS1-4). During each test, students used the same food with a known calorie
content and checked to see how well their device reproduced the known value and identified
design elements of the calorimeters that worked best (MS-ETS1-3). At the end of the design
and testing, students could use their calorimeter to measure the calorie content of other
foods. Groups then shared posters that communicated [SEP-8] their design to their peers.
They included diagrams with annotations that described how the different structures [CCC-6]
and materials helped make the device meet the design criteria. Mr. G ensured that students
made the connection that the transfer of energy from the food to the calorimeter was
analogous to the energy transferred from food to animals as they eat and digest their food.
Day 14: Organism energy/matter system diagram
Investigative Phenomenon: Animals survive and grow by eating food.

Mr. G wanted the students to think about the food and calorimeter as a system, so he
elicited from the students what they knew about systems and system models [CCC-4]
in terms of drawing the boundary of a system, identifying the parts of the system, and
identifying the system’s inputs and outputs. As a whole class, they agreed on the conventions
they would use in drawing the system. The students began by drawing a simple diagram of
the energy transfer in their food calorimeter. Then, Mr. G told the class they were going to
“zoom out” to cycles of matter and the flows of energy [CCC-5] in a larger system.
Returning to the river environment diagram, students worked in pairs and developed a
system model to illustrate the flows of matter and energy [CCC-5] into and out of the deer
and also into and out of the grass (MS-LS1-6). The class developed a consensus diagram (figure
5.32) after students worked on their separate team diagrams, critiqued each other’s diagrams,
iteratively improved them, and then finalized the diagram after whole-class discussion.
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Figure 5.32. System Model to Illustrate Flows of Matter and Energy
Sunlight

Thermal
Energy

CO2
CO2
O2
CPE
H2O

Flows of energy and matter into, within, and out of a model of a Deer-Grass System. Thin
red arrows represent energy and thick gray arrows represent matter. CPE is chemical
potential energy. Provided by Dr. Art Sussman, courtesy of WestEd.

Vignette Debrief
In this vignette, the teacher introduced phenomena related to physical and chemical changes
using a comparison of the changes that had occurred in a river environment after 200 years.
Students noticed changes to both the nonliving and living components of the environment. The
vignette focused more on lessons that connected the physical and chemical changes with the
life science processes of photosynthesis and respiration. Modeling the photosynthesis reaction
was a major highlight that helped students conclude that atoms rearrange in chemical reactions,
mass is conserved, and energy can be absorbed or released. In subsequent lessons within IS2,
students will reach the same conclusions regarding Earth science processes.
This vignette illustrates the CA NGSS vision of blending SEPs, DCIs, and CCCs. While the
lesson description describes this blend, the sections below focus on relevant aspects of each
dimension in isolation, along with ties to CA CCSS and the EP&Cs.
SEPs. Students focused on developing models [SEP-2] throughout this vignette, by
spending all of days 3-4, 8, 9, and 14 grappling with phenomena and trying to model them.
These modeling experiences were not designed as assessments of learning at the end.
Instead, Mr. G used these modeling opportunities to motivate and frame the learning—
students recognized limitations and missing pieces in their understanding when they built the
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INTEGRATED GRADE SEVEN VIGNETTE 5.2:
PHYSICAL AND CHEMICAL CHANGES IN ORGANISMS
models. For example, the “Energy Love” investigations on days 6–8 were included because
students did not know how to represent energy in their models because they didn’t
understand enough about energy yet. On days 1–2, students analyzed data [SEP-4] in
the sense that they looked for patterns [CCC-1] in their qualitative observations and made
categories based on those patterns. Mr. G chose to introduce the distinctions of “physical
versus chemical change” by having students discover the categories themselves and then
refine their labels to reflect the current state of scientific vocabulary, rather than beginning
with definitions of the scientific terminology.
DCIs. Chemical reactions (PS1.B), the energy in chemical reactions (PS3.D), and energy and
matter flow in organisms (LS1.C) were the common thread through the entire lesson. Students
extended their understanding of matter made up of atoms and molecules (PS1.A) through their
physical modeling on days 3–5 and 9. On days 6–8, students grappled with the definitions of
energy (PS3.A). The engineering challenge on days 10–13 allowed students to focus on all
aspects of engineering design (ETS1) and they even briefly addressed these core ideas on day 3
when they tried to find the best way to represent molecules using a physical model.
CCCs. Student models focused on the exchange of energy and matter [CCC-5] between
components of chemical systems (days 3–5), macroscopic physical systems (days 6–8), a
calorimeter system (days 10–13), and a small section of an entire ecosystem (day 14). While
students had tracked the flow of matter in elementary school, tracking energy as it changed
between various forms was the key addition to understanding CCC-5 at the middle grades
level (see the progressions in appendix 1 of this framework). While systems [CCC-4] were
inherent in the modeling, very little discussion in the vignette, as written, was explicitly
devoted to thinking of these situations as system. That explicit discussion would be done as
part of the classroom discourse not captured in this vignette.
EP&Cs. As written, Mr. G did not explicitly address any of the EP&Cs, though the skills
students developed discussing the cycling of matter in their modeling were crucial for
understanding EP&C IV (“The exchange of matter between natural systems and human
societies affects the long-term functioning of both”). Mr. G easily could have extended this
vignette another day to fast forward into the future with another environment diagram
showing human impacts from pollution, or by tracking toxins in the day 14 diagrams that show
matter exchanged between organisms.
CA CCSS Connections to English Language Arts and Mathematics. Students engage
in structured discourse (SL.7.1) with teams throughout the vignette, including evaluating and
reviewing the ideas of their peers on days 2, 3–4, during the engineering design challenge on
days 10–13 and again on day 14. The students calculate the calories in food samples using an
interactive spreadsheet (MP.5).
Resources:
Daehler, Kirsten, and Jennifer Folsom. 2013. Making Sense of SCIENCE: Earth Systems. San
Francisco: WestEd.
Daehler, Kirsten, Mayumi Shinohara, and Jennifer Folsom. 2011a. Making Sense of SCIENCE:
Energy. San Francisco: WestEd.
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Rock Cycles and Earth’s Energy Flows
The second half of IS2 involves applying the same physical science concepts explored in
the vignette to the cycling of Earth’s materials [CCC-5] and the flows of energy [CCC-5]
that drive these processes (MS-ESS2-1). Rocks and minerals make up the vast majority
of the planet’s mass. They provide homes for organisms, make many of Earth’s surface
landforms, and provide the basis for all of Earth’s soil. Students return to the environment
diagram of figure 5.28 and focus on the rocks. Can they identify evidence of places where
rocks are forming or changing? The class makes a list of all the different things they can
think of that can happen to rocks: eroded by the river, erupted from a volcano, buried at
the bottom of a landslide, broken up by roots, eaten as a speck of soil on a piece of grass,
dust blown by the wind, etc. Students engage in a jigsaw where different students read a
short article about a particular location on Earth that exemplifies one transformation in the
rock cycle. The articles have pictures of rocks and the locations where they were found that
highlight the evidence for the change (i.e., a volcanic rock has holes in it that are evidence
of gas bubbles, and it came from a long outcrop that heads straight downhill providing
evidence that the material once flowed as a liquid at the surface). Students then come
together for a “rock summit” to describe the possible events that can befall a piece of rock.
Students write a fictional short story tracing the path of one rock through many
adventures. As an illustration for this piece, they depict the path of their imaginary rock on
a flowchart. As students compare their flowcharts, they see that no two rocks follow the
same path. This idea is critical because it counters the preconception that many students
have when they read materials about the “rock cycle”—since these materials are written
on a page they have a linear flow that implies there is only one path. Next, students work
in groups to create a physical model of one rock story using crayons or sugar cubes. Both
these materials can be melted, solidified, broken apart, dissolved (for sugar), pressed
together (for crayons). Students will record the process in a video that captures how their
rock changes. They start by making a storyboard to plan the physical processes they will
depict in each scene and also their narration for that scene. In the narration, they must
emphasize where the energy [CCC-5] comes from that drives the transformation in each
scene. They discuss both the energy in the physical model as well as where the energy
source would be in the real Earth system. If students have uncertainty about where the
energy comes from in the Earth system, they return to the jigsaw articles or the teacher can
engage in whole-class discussions and provide additional information. The paragraphs below
provide some of this background for teachers, and curriculum developers can find excellent
examples within California and beyond of case studies that exemplify and describe these
processes and the evidence for them.
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Many rock changes are driven by the transfer of Earth’s internal thermal energy. This
internal thermal energy resulted from the immense heating of Earth’s interior during its
cataclysmic formation billions of years ago, the gravitational compaction of Earth in its
early history, and the energy released by radioactive decay of buried Earth materials. Rocks
can melt as they move closer to Earth’s hot interior, and molten rock can solidify as it rises
towards Earth’s surface where temperatures are cooler. The movement of rocks upward and
downward is often related to the motions of plate tectonics. As the plates push together,
spread apart, and slide against one another, a variety of geologic processes occur including
earthquakes, volcanic activity, mountain building, seafloor spreading, and subduction
(sinking of a plate into the underlying mantle). All of these geoscience processes change
Earth’s rock—some form new rock and others break down existing rock.
Near the surface, rocks also form and break down by interacting with other Earth
systems—namely, the atmosphere, hydrosphere (Earth’s water including ice), and biosphere
(Earth’s life). For example, exposure to air, wind, and biological activity all cause [CCC-2]
rock to weather (change physically or chemically). Chemical weathering by the atmosphere,
hydrosphere, and biosphere occurs when chemical reactions break down the chemical
bonds that hold rocks together. Physical weathering causes rocks to physically break
into smaller pieces but does not change the rock’s chemical bonds. Energy that drives
these surface processes comes from the Sun (which provides thermal energy that drives
chemical reactions and also causes the movements of wind and water in the atmosphere
and biosphere), gravity (and its constant downward pull on air, water, and rock), and the
chemical potential energy within the biosphere (which ultimately comes from the Sun).
After students have explored and modeled these processes, they can label them with
scientific terms. Observation and explanation of phenomena drive instruction in the CA NGSS,
not terminology. With this terminology, students can develop something like figure 5.33,
a classic rock cycle diagram with the three major rock types of igneous (melted in Earth’s
interior), sedimentary (compacted from broken pieces), and metamorphic (rearranged by
Earth’s internal pressure and thermal energy). Students can evaluate [SEP-8] the benefits
and limitations of this classic rock cycle diagram (table 5.9).
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Figure 5.33. Classic Rock Cycle Diagram

The classic rock cycle diagram summarizes the three types of rocks and a circular pattern of
movements of rock materials. Source: From Making Sense of SCIENCE: Earth Systems (WestEd.org/
mss) by Daehler and Folsom. Copyright © 2013 WestEd. Reproduced with permission.
Table 5.9. Benefits and Limitations of Classic Rock Cycle Diagram
BENEFITS

LIMITATIONS

Provides a good summary of key
geosphere interactions

Does not show the many interactions the
geosphere has with other Earth systems

Easy to read and understand

Does not show the timeframe for each geologic
process, implying that they have similar
timeframes

Shows how each type of rock can become
the other types of rock

Does not show the locations where each
geologic process takes place

Helps dispel the incorrect idea that rock is
“steady as a rock” and never changes

Suggests that rock never leaves the rock cycle,
yet rocks often do leave the rock cycle, such
as when they are incorporated into organisms,
other Earth systems, and human-made materials

Source: From Making Sense of SCIENCE: Land and Water (WestEd.org/mss) by Folsom and Daehler.
Copyright © 2012 WestEd. Adapted with permission.

The physical and chemical changes [CCC-7] that happen to minerals and rocks reinforce
the principle of the conservation of matter [CCC-5] . Almost three-quarters of Earth’s crust
is made of oxygen and silicon (students encountered this information at the end of IS1 when
they simulated data collection of materials in the environment diagram of the river). Just six
elements (aluminum, iron, magnesium, calcium, sodium, and potassium) make up practically
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all the rest of Earth’s crust. Atoms of these eight elements combine to form the vast majority
of Earth’s rocks and minerals. Throughout all the physical and chemical interactions,
none of these atoms are lost or destroyed. Even as the appearance and behavior of the
rocks change [CCC-7] , their overall composition remains relatively stable [CCC-7] .

Integrated Grade Seven Instructional Segment 3:
Natural Processes and Human Activities Shape Earth’s Resources
and Ecosystems
When students look out on a landscape, they might see trees in some places but not others
and a gold mine on one hill but not another. In this instructional segment, students focus on
explaining why things are located where they are, including organisms within an ecosystem
and resources and hazards on the planet. In both cases, interactions within and between different Earth systems determine these distributions. Humans both depend on these distributions
and can dramatically alter them. The goal of integrating these topics is that the questions
students learn to ask about the distribution of resources on the planet can serve as a template
for understanding the relationships between organisms in an ecosystem, and vice versa.

INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 3:
NATURAL PROCESSES AND HUMAN ACTIVITIES SHAPE EARTH’S RESOURCES
AND ECOSYSTEMS
Guiding Questions
• How can we use interactions between individual rocks or individual organisms to understand
systems as big as the whole geosphere or whole ecosystem?
• How can we use patterns in geosphere interactions to predict the location of resources?
• How can we use patterns in ecosystem interactions to predict how organisms compete and
share resources?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS2-1. Analyze and interpret data to provide evidence for the effects of resource availability
on organisms and populations of organisms in an ecosystem. [Clarification Statement: Emphasis
is on cause and effect relationships between resources and growth of individual organisms and
the numbers of organisms in ecosystems during periods of abundant and scarce resources.]
MS-LS2-2. Construct an explanation that predicts patterns of interactions among organisms
across multiple ecosystems. [Clarification Statement: Emphasis is on predicting consistent
patterns of interactions in different ecosystems in terms of the relationships among and
between organisms and abiotic components of ecosystems. Examples of types of interactions
could include competitive, predatory, and mutually beneficial.]
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 3:
NATURAL PROCESSES AND HUMAN ACTIVITIES SHAPE EARTH’S RESOURCES
AND ECOSYSTEMS
MS-LS2-3. Develop a model to describe the cycling of matter and flow of energy among living
and nonliving parts of an ecosystem. [Clarification Statement: Emphasis is on describing the
conservation of matter and flow of energy into and out of various ecosystems, and on defining
the boundaries of the system.] [Assessment Boundary: Assessment does not include the use of
chemical reactions to describe the processes.]
MS-ESS2-3. Analyze and interpret data on the distribution of fossils and rocks, continental
shapes, and seafloor structures to provide evidence of the past plate motions. [Clarification
Statement: Examples of data include similarities of rock and fossil types on different
continents, the shapes of the continents (including continental shelves), and the locations
of ocean structures (such as ridges, fracture zones, and trenches).] [Assessment Boundary:
Paleomagnetic anomalies in oceanic and continental crust are not assessed.]
MS-ESS3-1. Construct a scientific explanation based on evidence for how the uneven
distributions of Earth’s mineral, energy, and groundwater resources are the result of past and
current geoscience processes. [Clarification Statement: Emphasis is on how these resources
are limited and typically non-renewable, and how their distributions are significantly changing
as a result of removal by humans. Examples of uneven distributions of resources as a result
of past processes include but are not limited to petroleum (locations of the burial of organic
marine sediments and subsequent geologic traps), metal ores (locations of past volcanic and
hydrothermal activity associated with subduction zones), and soil (locations of active weathering
and/or deposition of rock).]
MS-PS1-2. Analyze and interpret data on the properties of substances before and after the
substances interact to determine if a chemical reaction has occurred. [Clarification Statement:
Examples of reactions could include burning sugar or steel wool, fat reacting with sodium
hydroxide, and mixing zinc with hydrogen chloride.] [Assessment Boundary: Assessment is
limited to analysis of the following properties: density, melting point, boiling point, solubility,
flammability, and odor.]
MS-PS1-3. Gather and make sense of information to describe that synthetic materials come
from natural resources and impact society. [Clarification Statement: Emphasis is on natural
resources that undergo a chemical process to form the synthetic material. Examples of new
materials could include new medicine, foods, and alternative fuels.] [Assessment Boundary:
Assessment is limited to qualitative information.] (Revisited from IS1, but not assessed until IS4)
MS-PS1-5. Develop and use a model to describe how the total number of atoms does not
change in a chemical reaction and thus mass is conserved. [Clarification Statement: Emphasis is
on law of conservation of matter and on physical models or drawings, including digital forms
that represent atoms.] [Assessment Boundary: Assessment does not include the use of atomic
masses, balancing symbolic equations, or intermolecular forces.]
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 3:
NATURAL PROCESSES AND HUMAN ACTIVITIES SHAPE EARTH’S RESOURCES
AND ECOSYSTEMS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

LS2.B: Cycles of Matter and
Energy Transfer in Ecosystems

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS1.C: The History of Planet
Earth

[SEP-8] Obtaining,
Evaluating, and
Communicating Information

ESS3.A: Natural Resources

ESS2.B: Plate Tectonics and LargeScale System Interactions

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation
[CCC-6] Structure and
Function

PS1.A: Structure and Properties of
Matter
PS1.B: Chemical Reactions

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: 6.EE.6, 9, 6.SP.4, 5, 6.RP.3,7.EE.4, MP.2
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 2, 7, 9, WHST.6–8.1, 2, 9, SL.7.1, SL.7.4,
SL.7.5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a
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Back in Integrated Grade Six, students examined a satellite view of California and
explained some of the features they saw (figure 5.4). In grade seven, they return to that
image and look for evidence of mountains. California has two main mountain ranges, one
along the coast and one on the east side. The anchoring phenomenon the students consider
is that both of these mountain ranges run roughly parallel to the coastline. Is the fact that
all three of these features are aligned a coincidence? Students engage in a case study of
a scientist from the early 1900s named Alfred Wegener, who also began by looking at the
locations of mountain ranges and noticed some patterns [CCC-1] (MS-ESS2-3). Students
begin by reading short geologic descriptions of rocks in the Appalachian Mountains, the
Scottish Highlands, South Africa, Brazil, and a few other localities (thrown in for contrast)
based on scientific journal articles that Wegener himself read back in the early 1900s.
Students identify that the rocks in the Appalachian Mountains have very similar features
to those in the Scottish Highlands; rocks from South Africa and Brazil are also similar
to one another but different from the other pair. Despite the fact that each pair of rock
formations is relatively distinct, each has a matching partner half way around the world.
Wegener asked questions [SEP-1] about what could possibly explain the large presentday separation, so he considered the idea that all of Earth’s continents could have been
connected together millions of years ago and subsequently moved to their current locations.
He gathered substantial evidence [SEP-7] that supported this proposed explanation
[SEP-6] and he began to refer to the idea as continental drift. (An English translation of

Wegener’s 1912 article outlines the full range of his evidence [Wegener 1912]). Some of
this evidence came from using maps to show how well the continents fit together, especially
including the submerged continental shelves in aligning the continents, and most obviously
with South America and Africa. Students can repeat this jigsaw puzzle activity with paper
and scissors and identify specific places where it works well and others where it does not.
Even more persuasive was evidence [SEP-7] from fossils. Students can engage in an
activity in which they collect samples from around the globe and place them on a map. They
discover dozens of different species, but which species support Wegener’s claim? Do any
of them provide evidence that contradicts his claim? They might end up with a map similar
to figure 5.34 that shows continents from the Southern Hemisphere and how they could
have been joined together hundreds of millions of years ago. The colored areas correspond
to fossils whose specific geographic locations indicate not only that these continents were
joined together, but also specifically that the connection points match those predicted by
matching the outlines of the continents. The current wide separation of these continents
precludes other easy explanations for the locations of these fossils.
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Figure 5.34. Fossil Evidence of Continental Drift

A summary of Wegener’s fossil evidence that Southern Hemisphere continents were once joined
together. Source: United States Geological Survey (USGS) 1999

Wegener also traced the past positions and motions of ancient glaciers based on grooves
in rocks cut by those glaciers, and also by rock deposits that the glaciers left on different
continents. After obtaining information [SEP-8] about how to recognize these features,
students can analyze [SEP-4] pictures of rock outcrops from around the world and
decide if they show evidence of ancient glacial activity. Plotting these locations on a map,
they can compare them to the locations of present-day glaciers. Like Wegener, they find
that locations currently near the equator show evidence of ancient glaciers, an extremely
unlikely situation if the continents had not moved. If the continents moved as Wegener
hypothesized, those glaciers would have formed much closer to the South Pole.
While we often say that Wegener compiled evidence [SEP-7] , it is important to note
that he built on the work of dozens of scientists of the day. At the time Wegener lived,
there was no way to determine the exact age of rocks, but geologists could reconstruct the
relative timing of events by correlating sequences of rock layers from one place to another
(MS-ESS1-4, as discussed in IS4). Even though Wegener never visited the Andes and the
Atlantic coast of South America, other geologists had written that folding of rock layers
in the Andes Mountain occurred at the same time as drifting apart of the Atlantic Ocean.
Wegener obtained and evaluated the information [SEP-8] recorded by other scientists
and then connected ideas in ways that nobody else had.
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Despite the evidence [SEP-7] that he compiled, Wegener’s theory was not accepted
and was generally forgotten. While Wegener was using traditional science practices
of analyzing data [SEP-4] and constructing explanations [SEP-6] based on evidence
[SEP-7] , the other geologists were viewing his claims through the lens of the crosscutting

concept of cause and effect: mechanism and explanation [CCC-2] . Wegener could not
propose any possible mechanism that would cause continents to plow through the ocean
over great distances. In the absence of a mechanism to cause the proposed movements
of continents, early twentieth-century geologists rejected Wegener’s claims. Middle grades
students focus first on analyzing [SEP-4] the evidence accumulated since Wegener’s
time that provides even more definitive evidence that there has been motion of plates
(MS-ESS2-3). In high school, they will look in more detail at some of the evidence and
finally address the mechanism that drives all this motion (HS-ESS2-1, HS-ESS2-3).
Technological developments approximately 50 years later allowed detailed mapping of
the shape of the sea floor, which revealed new information that supported Wegener’s claims
and also provided the missing mechanism. Students can investigate undersea topography
and notice patterns [CCC-1] using a program like Google Earth. They can discover that
the largest mountain ranges on the planet actually exist below the water of the ocean. One
of the most obvious of these is the Mid-Atlantic Ridge, which rises about 3 kilometers in
height above the ocean floor and has a length of about 10,000 kilometers running from a
few degrees south of the North Pole down almost all the way to the Antarctic Circle. While
basically continuous across a huge part of the planet, it is far from straight. By tracing out
the shape of the continental shelves on either side of the Atlantic and the axis of the MidAtlantic Ridge, students can notice the ridge roughly parallels the turns of the coastlines.
By measuring the distance from the center of the mountain range to the continental shelf,
students can notice that the highest point of the mountains lies half way between the two
coastlines, as if the two coasts were spreading apart from this central point. The idea that
oceans were growing in size made it easier to understand how the continents could move
away from each other.
With some ocean basins expanding, it did not make sense for the entire planet to be
growing larger, so scientists began to look at how the growth could be balanced by the
surface appearing to get smaller in other locations. Scientists had long recognized evidence
[SEP-7] for “shortening” on Earth because of evidence from sedimentary rock layers. In

IS2, students discussed sedimentary rocks that form in flat layers, but these layers are often
observed to be folded and curved, which could only happen by some sort of squeezing
that would push up mountains. At the time Wegener lived, the only process that scientists
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could conceive of that could cause such squeezing was the overall contraction of the Earth
as it cooled after being formed long ago. If the seafloor was known to spread at some
locations, it makes sense that plates must crash together at others. This would explain why
mountain ranges formed long bands perpendicular to the spreading directions. For example,
the Andes Mountains are not oriented randomly—they are at exactly the orientation you
would expect if South America were spreading away uniformly from the Mid-Atlantic Ridge
and crashing into the floor of the Pacific Ocean on the other side. Seafloor structures also
give one more key piece of evidence [SEP-7] about plate motions: there are very deep
canyons in the ocean that parallel coastlines and island chains in many locations. Just off
the west coast of South America, students can notice a very deep trench in the ocean floor.
A physical model [SEP-2] with two foam blocks (or even notebooks) representing plates
helps illustrate why such a trench forms where one of the plates sinks down beneath the
other due to density. It is just a simple consequence of the geometry of a bending block,
with the trench forming at the inflection point where the block plunging downward starts
to curve (figure 5.35). Students can use maps of global topography and bathymetry to see
if they notice any patterns [CCC-1] between the location of these deep-sea trenches and
their relationship to continents, mountain ranges, and islands.
Figure 5.35. Plate Motions Shape Landforms and Seafloor Features
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Schematic slice through the Earth’s lithosphere showing three different plates with key seafloor and
land features caused by their motion. Diagram by M. d’Alessio.

Taken together, the fit of the continental shelves, the separation of similar rocks and
fossils across vast oceans, the location of mid-ocean ridges running precisely along the
center of oceans basins, and the location of deep sea trenches along the coasts of some
continents provide strong evidence [SEP-7] that plates move apart at some locations,
move together at others, and slide past one another in still other locations. These motions
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are the driving forces for a wide range of processes that shape Earth’s surface and cause
interactions with the anthrosphere.

Plate Tectonics and Earth Resources
In IS1, students obtained information [SEP-8] about how synthetic materials
come from natural resources (MS-PS1-3). Many of these resources are related to plate
tectonic processes, which means that different parts of the world have access to different
raw materials and different parts of the world are impacted differently by resource
extraction. Students should be able to explain [SEP-6] why certain mineral, energy, and
groundwater resources exist where they do on Earth (MS-ESS3-1). Students can begin
by analyzing [SEP-4] maps showing the spatial distribution of different resources on
Earth, recognizing patterns [CCC-1] , and asking questions [SEP-1] about what they see.
Using computer-based mapping programs, students can turn on and off different layers to
help see how locations of different resources compare to one another and other geologic
features like plate boundaries.
Students might notice that California is home to some of the world’s largest geothermal
power plants, with production in both Northern and Southern California that provide a total
of 6 percent of the state’s electricity (with potential for even more). Other western states
also utilize geothermal resources, but there are no geothermal power plants east of North
Dakota in the United States. Why? After obtaining information [SEP 8] about geothermal
power, students can construct an explanation [SEP 6] linking their distribution to plate
boundaries. Plate boundaries are often places where hotter material rises up from Earth’s
interior to near the surface. This heat can be harnessed to generate electricity and as a
source of energy [CCC-5] for heating buildings and commercial purposes.
Copper, gold, and other precious metal resources, however, seem to be located all over
the world and not always related to plate boundaries. Why? Students obtain information
[SEP-8] about how metal ores form and develop a pictorial model [SEP 2] showing

the steps: 1) hot fluids dissolve metals from rocks deep underground; 2) hot fluids carry
the metals until conditions change and the metals solidify in concentrated zones; 3) plate
tectonic forces push the mineral deposits close to the surface where they can be easily
mined; 4) time passes and plate boundaries can change. Plate motions are usually involved
in the first three stages, but the fourth stage means that today’s mineral resources can be
very far away from today’s plate boundaries.
Fossil fuel distribution is one the most politically important uneven distributions of energy
resources: it is also tied to plate tectonics. The Middle East has about half of the world’s
proven reserves of crude oil and California has less than 0.2 percent. Why? Petroleum and
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natural gas are generally associated with sedimentary rocks. These fuels formed from softbodied sea organisms whose remains sank to the ocean floor, decomposed in the relative
absence of air, and were further transformed by heat and pressure deep underground. Even
areas on dry land today can be the sites of ancient ocean basins that have been uplifted by
plate collisions. These same collisions can deform the rock layers in ways that allow oil and
gas to accumulate in concentrated locations (where they can be easily extracted) and remain
trapped there for millions of years. Students will investigate this process in high school.
Next students can evaluate the claim [SEP-7] , “Without plate tectonics, we would
have no groundwater resources.” Students obtain information [SEP-8] about where
groundwater basins are located and how they form. The best groundwater basins are in
valleys where a large amount of sediment has continuously been deposited, such as the
Central Valley, which receives sediment from the Sierra Nevada. Plate motions typically
determine the shapes of these basins and are the cause of mountains being uplifted in
the first place. The faster they are pushed up, the faster they erode (because rapid uplift
produces steep slopes that erode more quickly). Of course, groundwater also requires an
abundant source of water. In addition to the important latitudinal controls on precipitation
discussed in grade six, mountains have a strong impact on where precipitation occurs; moist
air flowing up mountains tends to precipitate on the windward side of the mountains leaving
a rain shadow further downwind. The mountains that “squeeze moisture out” are often
recently uplifted by plate motions.

Opportunities for ELA/ELD Connections
As a summarizing activity regarding how the process of plate tectonics influences the
uneven distribution of Earth’s natural resources, students are placed in triads. Each
student explains how Earth’s mineral, energy, or groundwater resources have
given shape to some of Earth’s features. The P-E-E structure (Point, Evidence, and
Explanation) can be used by each student. In the triads, students take turns sharing
their findings.
CA CCSS for ELA/Literacy Standards: WHST.6–8.1, 7; SL.6–8.1
CA ELD Standards: ELD.PI.6–8.3

Ecosystem Models
Water and other natural resources provide strong links with the IS3 life science ecosystem
performance expectations and DCIs. In IS2, students traced the path of an individual piece
of rock matter and then came to IS3 to discover that there were global patterns [CCC-1]
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where certain types of rocks experienced similar paths due to global-scale cycles. Now,
students will extend their models at the molecular and organism scale [CCC-3] from IS2
up to ecosystems and notice patterns [CCC-1] in the way energy/matter [CCC-5] are
exchanged between components [CCC-4] of the ecosystem.
Students return to the environment diagram of figure 5.26 and develop a system model
[SEP-2] of the ecosystem it depicts. In systems models, students track the flow of energy

and matter between components. Biological systems are complex in that food delivers
both energy and matter in the same package. Biologists use the term biomass to describe
complex carbon molecules that organisms can use as building blocks to manufacture,
replace, and repair their internal structures. The biomass molecules also have significant
stored chemical potential energy that organisms can use to survive and grow. In the
example system model diagram in figure 5.36, a black arrow with a reddish interior signifies
the transfer of that coupled matter and energy through the eating of food.
Simple black arrows represent transfers of matter that are not biomass, and that cannot
provide calories to organisms. Examples are water, carbon dioxide, and the simple minerals
that decomposers such as microorganisms release to the soil. These black arrows include
respiration of carbon dioxide out of plants and animals back into the local environment.
Figure 5.36. Ecosystem Cycles of Matter and Flows of Energy

H2O & CO2

H2O

H2O & CO2

Flow of inorganic matter
Flow of sunlight

BUZZARD
GRASS

APPLE
TREE
CO2

Flow of energy from organisms,
mostly thermal energy

SHEEP

COUGAR

BEAR

Flow of food matter with
its stored energy

A model of the flows of energy and matter into, within, and out of a simplified ecosystem. The
wider arrows represent transfers of matter and energy coupled together in biomass. Diagram by Dr.
Art Sussman, courtesy of WestEd.
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The red arrows in figure 5.36 identify different flows of energy [CCC-5] , with the
straight arrows indicating sunlight and the red centers of the biomass arrows representing
the energy portion of food. The wavy red arrows represent “waste heat” that escapes and
leaves the system as heat given off during respiration and other essential chemical reactions
in organisms.
A model such as figure 5.36 can become much more complex if the developer of the
model chooses to increase the kinds of flows of matter and energy [CCC-5] and/or the
number and types of organisms that are included. This complexity can pose a problem, but
it can also provide great learning opportunities in situations where productive academic
discourse flourishes.
Students should be asking [SEP-1] themselves and their peers about which features
are important to display in the model and why? The CCC of system models [CCC-4]
teaches that “[m]odels are limited in that they only represent certain aspects of the system
under study.” The students get to choose what features to include, but they need to
provide evidence-based explanations [SEP-6] for why they have included those features.
A necessary part of gaining proficiency in the SEP of developing and using models [SEP-2]
involves learning to wisely choose and omit features so that the model is powerful enough
to predict and explain phenomena but not too complex so as to be overwhelming or dwell
on unimportant details.
Taking time to explicitly focus on the meaning of the CCCs helps students become better
scientific thinkers. Ecosystem models provide insight into why the writers of the NGSS
purposely differentiated the phrasing “cycles of energy” and “flows of matter” in CCC-5. In
figure 5.36, many of the energy arrows are going into and out of the system (flow), but
the majority of the matter arrows remain within the system (cycle). This particular model
includes two black arrows to indicate that no ecosystem is a closed system for matter. There
are flows of matter, such as carbon dioxide and water in the air, that move into and out of
ecosystems. Human activities can regularly disrupt the cycles of matter by adding pollution
or taking away resources (EP&C IV).
With their ecosystem model in place, students can fully use it to identify what happens
when one section of an ecosystem changes and there is a scarcity of energy or matter
input. Students can use the model to predict which organisms will be affected first if, for
example, there is a sudden decrease in sunlight or if CO2 concentrations change in the
atmosphere. Students can then analyze and interpret [SEP-4] population data from case
studies of ecosystem change (MS-LS2-1) such as the effect of a prolonged drought on
California’s forest ecosystem. How are tree survival and growth affected and how do these
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changes affect other organisms throughout the ecosystem? Students can develop new
system models for each case study ecosystem. As they compare system models for multiple
ecosystems, they begin to see and describe patterns [CCC-1] recurring in the relationships
between organisms (MS-LS2-2). Students should be able to identify relationships common
to most ecosystems such as (1) organisms that compete for resources because they both
have biomass arrows originating from the same source; (2) predatory relationships where
the biomass from one animal goes to another; and (3) mutually beneficial relationships
where arrows of energy, mass, or other benefits point in both directions between a pair of
organisms. The goal is that students should be able to use ecosystem models to predict
which organisms will compete if resources become scarce (MS-LS2-2).

Integrated Grade Seven Instructional Segment 4: Sustaining
Biodiversity and Ecosystem Services in a Changing World

INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 4: SUSTAINING
BIODIVERSITY AND ECOSYSTEMS SERVICE IN A CHANGING WORLD
Guiding Questions
• What natural processes and human activities threaten biodiversity and ecosystem services?
• How can people help sustain biodiversity and ecosystem services in a changing world?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS2-4. Construct an argument supported by empirical evidence that changes to physical
or biological components of an ecosystem affect populations. [Clarification Statement:
Emphasis is on recognizing patterns in data and making warranted inferences about changes
in populations, and on evaluating empirical evidence supporting arguments about changes to
ecosystems.]
MS-LS2-5. Evaluate competing design solutions for maintaining biodiversity and ecosystem
services.* [Clarification Statement: Examples of ecosystem services could include water
purification, nutrient recycling, and prevention of soil erosion. Examples of design solution
constraints could include scientific, economic, and social considerations.]
MS-ESS2-2. Construct an explanation based on evidence for how geoscience processes have
changed Earth’s surface at varying time and spatial scales. [Clarification Statement: Emphasis
is on how processes change Earth’s surface at time and spatial scales that can be large
(such as slow plate motions or the uplift of large mountain ranges) or small (such as rapid
landslides or microscopic geochemical reactions), and how many geoscience processes (such
as earthquakes, volcanoes, and meteor impacts) usually behave gradually but are punctuated
by catastrophic events. Examples of geoscience processes include surface weathering and
deposition by the movements of water, ice, and wind. Emphasis is on geoscience processes
that shape local geographic features, where appropriate.]
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 4: SUSTAINING
BIODIVERSITY AND ECOSYSTEMS SERVICE IN A CHANGING WORLD
MS-ESS3-2. Analyze and interpret data on natural hazards to forecast future catastrophic
events and inform the development of technologies to mitigate their effects. [Clarification
Statement: Emphasis is on how some natural hazards, such as volcanic eruptions and severe
weather, are preceded by phenomena that allow for reliable predictions, but others, such as
earthquakes, occur suddenly and with no notice, and thus are not yet predictable. Examples
of natural hazards can be taken from interior processes (such as earthquakes and volcanic
eruptions), surface processes (such as mass wasting and tsunamis), or severe weather
events (such as hurricanes, tornadoes, and floods). Examples of data can include the
locations, magnitudes, and frequencies of the natural hazards. Examples of technologies can
be global (such as satellite systems to monitor hurricanes or forest fires) or local (such as
building basements in tornado-prone regions or reservoirs to mitigate droughts).]
MS-PS1-3. Gather and make sense of information to describe that synthetic materials come
from natural resources and impact society. [Clarification Statement: Emphasis is on natural
resources that undergo a chemical process to form the synthetic material. Examples of new
materials could include new medicine, foods, and alternative fuels.] [Assessment Boundary:
Assessment is limited to qualitative information.] (Assessed after being introduced in IS1 and
IS3.)
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or disciplinary core idea.
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INTEGRATED GRADE SEVEN INSTRUCTIONAL SEGMENT 4: SUSTAINING
BIODIVERSITY AND ECOSYSTEMS SERVICE IN A CHANGING WORLD
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

LS2.C: Ecosystem Dynamics,
Functioning and Resilience

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

LS4.D: Biodiversity and Humans
ESS2.A: Earth Materials and Systems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS2.C: Roles of Water in Earth’s
Surface Processes

[CCC-3] Scale,
Proportion and Quantity

ESS3.B: Natural Hazards

[CCC-6] Structure and
Function

[SEP-7] Engaging in
Argument from Evidence
[SEP-8] Obtaining,
Evaluating, and
Communicating Information

PS1.A: Structure and Properties of
Matter
PS1.B: Chemical Reactions

[CCC-7] Stability and
Change

ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: MP.2, MP.4, 6.EE.6, 6.RP.3, 7.EE.4
CA CCSS for ELA/Literacy Connections: RI.7.8, RST.6–8.1, 7, 8, WHST.6–8.1, 2, 9, SL.7.5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a

2016 California Science Framework

Chapter 5

467

Grade Seven Preferred Integrated Course Model
Erosion is a part of everyday life in ecosystems, and plant root systems have evolved to
help keep plants stable and soil in place. Every so often, erosion events become dramatic
in the form of landslides. And even more rarely, a single event can trigger thousands of
landslides at once. That was the case in 1994 during the Northridge Earthquake when
the shaking triggered 11,000 simultaneous landslides in the mountains of Southern
California (USGS 1995), each one tearing up root systems and completely transforming
both the shape of the landscape and the life on it. These mega-landslide events are
the anchoring phenomenon for this instructional segment, and they do not just happen
during earthquakes. Over just three days in 1982, heavy rains triggered more than 18,000
landslides in the San Francisco Bay Area (USGS 1988) and landslides following wildfire
are a constant concern throughout the state. After students obtain information [SEP-8]
about these mega-landslide events, they can ask questions [SEP-1] about the factors
that cause [CCC-2] landslides and how they affect the environment.
Students can examine case studies of smaller landslides, rock falls, and mud flows. While
standard textbooks spend quite a bit of time discussing types of landslides, that terminology
is not the focus. Instead, the emphasis is on process. What patterns do students recognize
in the locations where landslides hit? They should be able to identify steep slopes, weakness
of material, and often (but not always) some sort of triggering mechanism. As a preview
for MS-PS2-2 in grade eight, students can review the core idea that multiple forces act on
stationary objects, and those objects start moving when forces are no longer balanced
(PS2.A, 3-PS2-1). Students can treat the block of soil or rock as a single object (the
“landslide mass’”) and identify the forces acting on it including gravity and some sort of
friction or cohesion that keeps it in place. Students can use this information to begin to
build a pictorial model [SEP-2] of what causes [CCC-2] landslides that will allow them
to predict when and where landslides will occur. Students can also create physical models
[SEP-2] of the situation by placing blocks on ramps and changing the angle. If they shake

the ramp simulating an earthquake or add mass to the upslope side of the block, they add
to the forces driving the block downslope; finding some way to lubricate the ramp reduces
the force restraining the block. The added mass of rainwater and the construction of a large
building are real-life examples of adding mass to a slide block. Rainwater percolating into
pores can “lubricate” landslides, but far more common ways of reducing resisting forces
are when material on the downhill side of a landslide block gets eroded away by rivers or
cut away by people building roads or buildings. Students can use their physical model to
consider general approaches that people can use to reduce landslide hazard. What would a
plant root do to this situation? Vegetation predominantly reduces landslide hazard because
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roots spread through the soil like anchored netting, but roots also have a competing effect
where they weaken material by breaking rocks apart. In some situations, the latter may
become more important than the former. Students have to struggle with this apparent
contradiction and add both processes into their model of landslides.
The clarification statement for MS-ESS2-2 emphasizes one of the key Earth and space
science DCIs for middle grades that geologic processes can cause change that is slow,
rapid, or combinations of both. Like all natural hazards, landslides happen infrequently,
vary in size, and are caused by specific physical conditions that allow us to forecast where
they will occur (ESS3.B). Smaller landslides are more common just like small earthquakes
or smaller storms occur more frequently than destructive earthquakes and hurricanes.
Since the magnitudes of hazards are important, students can look at landslides through
the lens of scale, proportion, and quantity [CCC-3] and ask other interesting questions.
For example, which form of erosion is more “important” in a landscape, the slow and
steady wearing away of material or the sudden catastrophic movement of large landslides?
Students can analyze data [SEP-4] about the amount of material eroded by each process
from actual scientific observations (Swanson, Fredriksen, and McCorison 1982; Pearce and
Watson 1986) or computer simulations (figure 5.37).
Figure 5.37. Landslides and Slow Processes Both Contribute to Erosion
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In a computer simulation of a watershed, scientists recorded over a period of 8,000 years how much
sediment moved by slow and steady processes, like soil creep, and how much by rapid and infrequent
landslides. Which process caused more erosion in this simulation? Does the simulated watershed have
hills or is it mostly flat? Source: M. d’Alessio using simulation results of Benda and Dunne 1997.
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Engineering Connection: Landslide Early-Warning System
With this model of landslide causes, students consider a small region, predict
where the landslide hazards are greatest, and design a warning system to minimize
their damage (MS-ESS3-2). Using computer-based map layers (such as in Google
Earth) showing slope steepness, rock strength, annual rainfall, and/or expected
ground shaking in an earthquake, students can identify areas that are most likely
to slide. They can compare their predictions to published maps of landslide hazard
for California or the locations of actual catastrophic landslides in 1982 or 1994 (USGS
1988, 1995). Students could use this information to design [SEP-6] a landslide warning
system that works in conjunction with the National Weather Service weather forecasts
(such a system actually exists, http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link15). Students
need to define the problem [SEP-1] by figuring out what information could minimize
loss of life in landslides and how to get the information to the community (MS-ETS1-1).

Landslides cause major disruption to ecosystems. They can temporarily dam rivers,
uproot vegetation, bury habitat, and increase the sediment in rivers so much that aquatic
life “chokes.” Students can examine case studies of the effects of landslides on steelhead
trout populations, including short-term concerns about the spawning habitat of local salmon
(Cornwell 2014; Ruggerone 2008) or a landslide that blocked a river for hundreds of years
and forced a major genetic shift in two populations of steelhead (American Geophysical
Union 2011; Mackey, Roering, and Lamb 2011). On the land itself, landslides create a sudden
availability of new resources in the ecosystem (such as space, sunlight, and broken up
soil). Students can predict what they think will happen in the ecosystem and then obtain
information about how the succession of vegetation following major ecosystem disruptions like
landslides, fires, or volcanic eruptions (ecosystem change following the 1980 Mount St. Helens
volcanic eruption is particularly well studied). Students should use these examples as evidence
to construct an argument [SEP-7] that changes to physical or biological components of an
ecosystem affect populations of organisms within that ecosystem (MS-LS2-4).

Human-Induced Changes to Ecosystems
Sometimes the major changes to ecosystem components are not caused by natural
hazards, but by humans who now impact the environment at the scale of the planet as a
whole. Students in Integrated Grade Six analyze evidence that human activities, especially
combustion of fossil fuels, have caused global temperatures to increase over the past
century. Students in Integrated Grade Eight explore the impacts of increasing human
populations and increasing per-capita consumption of resources.
Designing and testing solutions to these kinds of environmental challenges require a
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different kind of engineering design. Students’ prior experiences with engineering design
probably focused on specific devices, such as the calorimeter highlighted in IS2. At the
middle grades level, the challenges can be at a higher level of generality, and also more
strongly connected with personal and societal values. In challenges involving protecting
biodiversity and ecosystem services (MS-LS2-5), some of the criteria, evaluations, and
decisions will inevitably be strongly influenced by ethical, economic, and cultural valuations.
California’s Environmental Principles and Concepts (EP&Cs) can provide guidance in
implementing these design challenges. All five of the environmental principles apply to IS4.
Students can refer to these general principles and the specific concepts associated with
each principle as part of their analyses, evaluations, and argumentation. Having extensively
investigated cycles of matter [CCC-5] and ecosystem processes, students are primed to
apply California’s EP&Cs. For example, there are three concepts associated with Principle III:
•

Natural systems proceed through cycles and processes that are required for
their functioning.

•

Human practices depend upon and benefit from the cycles and processes that
operate within natural systems.

•

Human practices can alter the cycles and processes that operate within natural
systems.

The systems [CCC-4] thinking and modeling [SEP-2] embedded within Integrated
Grade Seven provide a scientific framework evaluating design solutions. The models
students made of energy flow and matter cycles [CCC-5] at the ecosystem scale apply to
planetary scale problems as well with one significant difference: some matter (e.g., carbon
dioxide and water) enters and leaves an ecosystem, but when considering the planetary
scale, matter essentially does not leave or enter. All of Earth’s ecosystems are linked with
each other through their sharing of the atmosphere and the hydrosphere. Each of the
elements vital to life on Earth exists in a closed loop of cyclical changes.
The environmental human impacts that students explore throughout the middle grades
ultimately relate to the effects of human activities on Earth’s cycles of matter, flows of
energy, and web of life. In some challenges, such as habitat destruction or introduction of
exotic species, the main direct impacts are on the local web of life. This local web of life is
also often impacted by pollution. Essentially all pollution issues result from activities that
contaminate or disrupt Earth’s natural cycles of matter. In many cases, the pollution includes
adding synthetic materials to the natural system. Even though these materials have been
produced from natural resources and materials, humans altered them by chemical processes
such that some of them can now harm ecosystems, and in turn harm humans (EP&Cs I–IV).
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As part of the design challenge, students should gather any relevant information about how
synthetic materials have affected the ecosystem and society (MS-PS1-3).
In this design challenge, students need to identify a specific problem in an ecosystem
(MS-ETS1-1) that considers the relationship between people and the natural environment.
This problem may be based on a large-scale investigation as described in the snapshot
below. The goal is to “improve” an ecosystem by reducing human impacts, and two
measures of a healthy ecosystem are biodiversity within the ecosystem and the richness
of services the ecosystem provides to people. Students should choose some aspect of
biodiversity or ecosystem services as measurable criteria they can track to evaluate the
progress of their proposed solutions (MS-LS2-5). Students should be able to use a system
model of their ecosystem to evaluate the relative merits of different solutions (MS-ETS1-2).

Integrated Grade Seven Snapshot 5.5:
Planning a Large-Scale Investigation
Investigative problem: How can we restore a habitat so that it is less influenced
by human activities?

Motivated by an article they read about kids making a difference, Mr. R’s
class decided to plan a habitat restoration project. Mr. R explained that to
be effective with habitat restoration they needed to learn more about the
ecosystems. He asked the class, “How would we begin a scientific study of
our local ecosystems so we learn enough to work on a restoration?” Students responded
that the best way to begin an investigation was to ask scientific questions [SEP-1] .
Students began writing questions about local ecosystems at the nature center or that they
had experienced in other ways. Soon the teams had numerous questions to share so they
began posting them on their team flipcharts. While the teams were writing their questions,
Mr. R visited and guided their discussions, as needed.
With all the questions posted, Mr. R asked the students if they noticed any patterns
[CCC-1] among the questions. Several pointed out that some of the questions seemed

to focus on the plants and animals, and others were more focused on things like the
soil, rocks, water, and other parts of the physical surroundings. Mr. R asked the students
to return to their flipcharts and put a big “P” next to questions that involved physical
components and a big “B” next those that involved the biological components of
ecosystems. Students had to provide examples and reasoning [SEP-7] about how these
different components could affect [CCC-2] the population of organisms (MS-LS2-4);
their reasoning referred to models [SEP-2] of the flow of energy and cycling of matter
[CCC-5] in their ecosystem (MS-LS2-3) and geoscience processes that alter the physical
environment (MS-ESS2-2).
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Integrated Grade Seven Snapshot 5.5:
Planning a Large-Scale Investigation
Returning to the students’ concerns about the effect of human activities on the local
ecosystems, Mr. R decided to initiate a discussion related to California Environmental Principle
II: The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies. He suggested that the
teams think about some additional questions that would help them learn how human activities
were affecting the functioning and health of ecosystems.
The class and Mr. R had been talking about the difference between conducting an
investigation that someone else had created compared with planning and conducting your
own investigation [SEP-3] . Students reminded Mr. R about that discussion, and said they
wanted to plan their ecosystem investigation. With student teams standing near their charts,
each team shared one or two of their questions. He mentioned that the class would have
the opportunity to vote on which questions they wanted to investigate. Mr. R then reminded
students to think about the question scaffolding process they had learned about in their
English language arts class, making sure that, when put all together, their questions and data
should help them better understand populations and biodiversity, the physical and biological
components of ecosystems, and how ecosystems are affected by human activities.
The class continued to discuss which questions would be best and soon realized that they
would need data to compare the disturbed ecosystem they wanted to restore with a more
natural example of that same ecosystem. The students pointed out that this process would
help them plan how their restoration work might mitigate the effects of human activities at
their study sites. Following much discussion, the students selected five questions for their
class investigation:
• What plants and animals live in the disturbed and undisturbed ecosystem study

sites?
• What are the physical and biological components of the two study sites?
• What natural processes and ecosystem services in the two study sites support the

ecosystems?
• What natural processes and ecosystem services in the two study sites help

humans?
• What human activities are occurring in the two study sites?
Students realized that both natural and disturbed ecosystems were changing; they hoped
to be able to document how the rates of natural change [CCC-7] compared to the rates
of human-induced changes (ESS3.C). Mr. R shared these questions with the volunteers at a
local nature center who had tried to help him prepare the investigation. Mr. R couldn’t make
the logistics work out, but he started planning for next year. Even if it never worked out, Mr.
R decided that the activity of planning the investigation was worthwhile for his students. He
thought about how to frame the activity next year so that it would feel authentic but also so
that the students wouldn’t feel disappointed if they couldn’t actually implement their project.
His goal was to eventually have students propose design solutions for their habitat restoration
and then evaluate the different proposals (MS-LS2-5). Their restoration plans would require
attentiveness to the biosphere as well as the other Earth systems.
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Grade Eight Preferred Integrated Course Model
This section is meant to be a guide for educators on how to approach the teaching of
the California Next Generation Science Standards (CA NGSS) in grade eight according to the
Integrated Model (see the introduction to this chapter for further details regarding different
models for grades six, seven, and eight). It is not meant to be an exhaustive list of what
can be taught or how it should be taught.
A primary goal of this section is to provide an example of how to bundle the performance
expectations into integrated groups that can effectively guide instruction in four sequential
instructional segments (IS). There is no prescription regarding the relative amount of time
to be spent on each instructional segment. As shown in figure 5.38, the overarching guiding
concept for the entire year is “The processes that change Earth’s systems at different spatial
scales today also caused changes in the past.”
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Figure 5.38. Grade Eight Integrated Storyline
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Guiding Concept: The processes that change Earth systems at different spatial scales today also
caused changes in the past.
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A primary goal of this section is to provide an example of how to bundle the performance
expectations into four sequential instructional segments. There is no prescription regarding
the relative amount of time to be spent on each instructional segment.
Integration within each instructional segment and sequentially across the year flows
most naturally with the science concepts in Integrated Grade Eight. Integrated Grade Eight
is somewhat less amenable to complete integration, but the concept of systems and system
models plays a very strong role in connecting within and across grade eight instructional
segments.
Each grade eight instructional segment tells a coherent story that generally includes
two or more science disciplines that meaningfully connect with each other within that
instructional segment (figure 5.38). Earth and space science content provides the
conceptual “glue” by separately linking with physical science (solar system, orbital
motions, and asteroid collisions) and with life science (human impacts on biodiversity and
geologic time scale via fossils in rock strata). Instructional segment 1 and IS4 also feature
engineering design intimately connected with the instructional segment science concepts.
Perhaps the most important perspective with respect to Integrated Grade Eight is that it
serves as a capstone for the middle grades span. The vignette in IS4 provides one example
of integrating across the entire year and connecting back to earlier grade levels. Many of the
key concepts that have been flowing, cycling, and building in complexity in the lower grades
come together to explain awesome phenomena such as the unity and diversity of Earth’s
life, how humans impact and can sustain biodiversity, and the beautiful dances within the
solar system. These phenomena are happening within a scale of existence that extends
from submicroscopic atoms to clusters of galaxies. These phenomena also occur across
a scale of time that extends from instants of collisions to billions of years of stability and
change. All this grandeur and wonder would be unknown to us without the powerful science
and engineering practices (SEPs) and unifying concepts that students experience and apply
in CA NGSS middle grades science.
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Integrated Grade Eight Instructional Segment 1:
Objects Move and Collide

INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 1:
OBJECTS MOVE AND COLLIDE
Guiding Questions
• What are forces and how do they affect the motions of objects?
• Do objects always need a force in order to keep moving?
• What happens when a moving object collides with something?
• How do fossils provide evidence of an ancient collision that wiped out the dinosaurs?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS4-1. Analyze and interpret data for patterns in the fossil record that document the
existence, diversity, extinction, and change of life forms throughout the history of life on Earth
under the assumption that natural laws operate today as in the past. [Clarification Statement:
Emphasis is on finding patterns of changes in the level of complexity of anatomical
structures in organisms and the chronological order of fossil appearance in the rock layers.]
[Assessment Boundary: Assessment does not include the names of individual species or
geological eras in the fossil record.]
MS-PS2-1. Apply Newton’s Third Law to design a solution to a problem involving the motion
of two colliding objects.* [Clarification Statement: Examples of practical problems could
include the impact of collisions between two cars, between a car and stationary objects, and
between a meteor and a space vehicle.] [Assessment Boundary: Assessment is limited to
vertical or horizontal interactions in one dimension.]
MS-PS2-2. Plan an investigation to provide evidence that the change in an object’s motion
depends on the sum of the forces on the object and the mass of the object. [Clarification
Statement: Emphasis is on balanced (Newton’s First Law) and unbalanced forces in a system,
qualitative comparisons of forces, mass and changes in motion (Newton’s Second Law),
frame of reference, and specification of units.] [Assessment Boundary: Assessment is limited
to forces and changes in motion in one-dimension in an inertial reference frame and to
change in one variable at a time. Assessment does not include the use of trigonometry.]
MS-PS3-1. Construct and interpret graphical displays of data to describe the relationships of
kinetic energy to the mass of an object and to the speed of an object. [Clarification Statement:
Emphasis is on descriptive relationships between kinetic energy and mass separately from
kinetic energy and speed. Examples could include riding a bicycle at different speeds, rolling
different sizes of rocks downhill, and getting hit by a wiffle ball versus a tennis ball.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
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INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 1:
OBJECTS MOVE AND COLLIDE
MS-ETS1-3. Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
MS-ETS1-4. Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS4.A: Evidence of
Common Ancestry and
Diversity

[CCC-1] Patterns

PS2.A: Forces and Motion

[CCC-3] Scale, Proportion,
and Quantity

[SEP-2] Developing and Using
Models
[SEP-3] Planning and Carrying Out
Investigations

PS3.A: Definitions of
Energy

[SEP-4] Analyzing and Interpreting
Data

ETS1.A: Defining and
Delimiting Engineering
Problems

[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.B: Developing
Possible Solutions
ETS1.C: Optimizing the
Design Solution

[CCC-2] Cause and
effect

[CCC-4] System and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation
[CCC-7] Stability and
Change

[SEP-7] Engaging in Argument
from Evidence
Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and
marine ecosystems are influenced by their relationships with human societies.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: 6.EE.2, 6, 6.NS.5, 6.RP.1, 2, 7.EE.3,4, 7.RP.2, 7.SP.7, 8.EE.1,2,
MP.2
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 3, 7, 9, WHST.6–8, 7, 8, 9, SL.8.5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a
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Integrated Grade Eight begins with a year-long mystery on planet Earth about what
causes the mass extinctions and species diversification events that happen repeatedly
in Earth’s history. At first, this phenomenon does not appear to match the title of the
instructional segment, but understanding this phenomenon requires that students
understand many different aspects of science, including the physics of impacts and
collisions. Students know that some types of organisms that lived in the past no longer live
on Earth (LS4.A from grade three), but how often does this happen and what causes these
changes? Scientists have compiled databases of every type of fossil ever discovered and
how long ago those organisms lived. These databases include millions of fossils found in
layers of rock deposited at thousands of sites around the world. By summarizing the data,
scientists can create a single graph depicting a story of how life has diversified and gone
extinct over time (figure 5.39). As students analyze and interpret [SEP-4] the graph, they
notice a general trend as well as ask questions [SEP-1] about what causes the individual
ups and downs. Each sudden drop on the graph represents a mass extinction event, so why
are there so many of them and what causes [CCC-2] them?
Figure 5.39. Number of Types of Marine Animals from the Last 542 Million Years
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The boundaries between geologic periods that scientists have agreed upon (bottom) are often
based on major extinction or diversification events when the number of genera changes quickly.
Source: M. d’Alessio with data from Rohde and Muller 2005.
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Students brainstorm possible causes of extinction events. Even if students “know” what
caused the extinction of the dinosaurs from their prior knowledge, has the same process
caused all extinction events? Students are assigned to different possible explanations and
receive “clue cards” with evidence that supports their assigned mechanism and students use
the evidence to construct an argument [SEP-7] . Students must ask questions [SEP-1]
that probe and test this explanation further and then receive additional clue cards and
revise their argument accordingly. While scientists have been weighing this evidence for
decades, grade eight students can see that evidence supports many competing ideas (figure
5.40) and leads to multiple viable arguments that explain each extinction event; there is
still disagreement even about the best-studied and most recent event that wiped out the
dinosaurs (Keller 2011).
Figure 5.40. The Timing of Major Extinction Events and Possible Causes
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Note that the time on the vertical axis is not at a uniform scale because of the data set used to
make this figure. Each bar in the extinction intensity data set corresponds to rocks deposited
during a different sub stage of geologic time. These sub stages were decided before techniques for
determining the absolute age of a rock had been developed. At that time, scientists divided geologic
time into different time periods based on the systematic changes they observed in the layers of
rocks and fossils contained in those layers. Scientists continue to refer to these geologic time periods
even though they can now describe geologic time in absolute terms (i.e., millions of years ago).
Source: Modified from Keller 2011.
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One likely mechanism that explains some mass extinctions is the impact of a large
asteroid that caused a major disruption to Earth’s climate. To motivate students and provide
context, students can obtain information about the specific impacts of the Chicxulub Crater
that might be responsible for the extinction of the dinosaurs. In addition to introducing
one of the year’s major topics (the history of life on Earth), this anchoring phenomenon
of an asteroid impact also leads into many key concepts related to forces, motion, and
gravity. How does science describe and explain [SEP-6] the motions of objects such as an
asteroid or our planet? How big an asteroid would be needed to cause an extinction? What
effects would such an impact have? How can we investigate phenomena related to motions
and collisions? These questions mark the transition to a section of the instructional segment
that focuses on physical science DCIs.
Motions and collisions provide many engaging ways for learners to design experiments
[SEP-6] , manipulate variables, and collect useful data [SEP-8] over the course of a single

or multiple succeeding class periods. Few topics in other science disciplines provide this
abundance of laboratory experiences that ignite enthusiasm and quickly provide meaningful
data.
Every day we push or pull many things. An object begins to move after we exert a force
on it, and then it stops moving shortly after we stop pushing or pulling it. We conclude
that forces cause temporary motions in objects. In complete contrast, Newton’s First Law
of Motion teaches that a force can cause [CCC-2] an object to move, and that the object
should keep moving at exactly the same speed until another force slows it down, speeds
it up, or causes it to change direction. As illustrated in the snapshot below, students need
to investigate [SEP-3] , model [SEP-2] , and analyze observations [SEP-4] of many
phenomena in order to develop an understanding of the ways in which objects move in
scientifically accurate ways, and to correctly use motion concepts to explain the cause and
effect [CCC-2] relationships that result in observed phenomena.
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Integrated Grade Eight Snapshot 5.6: Learning About Motion
After having engaged students in the Earth and space science phenomena
of an asteroid impact and asking questions about the speed of the impactor,
Ms. Z focused on the physical science DCIs about motion. Ms. Z’s students
had just finished activities where they described motion in terms of speed.
She decided to use the free Forces and Motion education animations (see http://www.
cde.ca.gov/ci/sc/cf/ch5.asp#link16) to transition from a focus on constant velocity to
acceleration.
Anchoring phenomenon: A toy car doesn’t move unless you push on it.

Sometimes, even a mundane observation can lead to great insight. She began by
showing students a toy car and asking them to explain in words why the car is not
moving. Some students had good ideas, but many struggled to find the right words
to express the answer to this seemingly obvious question. She connected to students’
investigations from grade three with balanced forces (3-PS2-1). Using an example of a toy
car, she wrote up the statement on the board, “When the total force on an object is zero
its motion does not change at that instant” (Newton’s First Law). She asked students why
she emphasized the phrase “at that instant.”
Investigative phenomenon: (Students explore various phenomena related to
the cases in each computer simulation).

Having established some background, she instructed the students to work individually
or with a partner to explore their assigned animation, such that one-third of the class
each explored one of the three animations (Motion; Friction; Acceleration). They recorded
in their notebooks what they did, any conclusions they reached, and any questions the
animation raised.
In the succeeding days, class sessions focused on the animations in the order of
Motion, then Friction, and finally Acceleration. As the students presented, they or Ms. Z
used the projector to manipulate the animation to support and extend what the students
recorded in their notebooks. After reviewing the three animations as a whole class, the
students collaboratively agreed on specific questions or concepts to explore further within
the animations, such as analyzing data [SEP-4] about the effects [CCC-2] of mass and
velocity on acceleration. These investigations and subsequent analyses [SEP-4] resulted in a
consensus statement of Newton’s Second Law, “When the total force on an object is not zero,
its motion changes with an acceleration in the direction of the total force at that instant.”
Students were surprised that the scientific meaning of the term acceleration includes
speeding up, slowing down or changing direction. Some of the students enjoy telling
people that vehicles actually have three accelerators: the gas pedal, the brake, and the
steering wheel.
Resources:
The physical science narrative in this snapshot and instructional segment uses
materials from Daehler, Shinohara, and Folsom 2011b.
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The word motion in the CA NGSS implies both the object’s speed and its direction of
travel. The assessment boundaries of performance expectations for grade eight state that
students will only be assessed on forces that are aligned, and deal with changes in speed
that occur when the net force is aligned to the motion (i.e., only one-dimensional motion).
Speed is a ratio of distance divided by time. Students can investigate [SEP-3] speed
by conducting experiments in which they measure both distance and time. Manual
measurements of time in tabletop experiments using stopwatches are prone to large
error, so there are several alternatives: students can pool multiple measurements using
collaborative online spreadsheets and take the average, use an app to calculate speed
from video clips (such as Tracker at http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link17), use a
motion sensor probe, or use computer simulations.
From a mathematical point of view, speed is the ratio of two very disparate quantities
(distance such as meters and time such as seconds). Speed itself, the ratio, is also
qualitatively different from the distance component and from the time component.
This situation is typical in science where ratios are used in specific contexts to analyze
phenomena. In order for these science ratios to make sense, students need to specify the
units of measure for each component of the ratio and also of the resulting number, such as
a speed or a density. This situation is very different from learning about ratios as an abstract
relationship of two numbers that do not have units associated with them.
Students often harbor the preconception that a moving object will naturally stop rather
than keep moving. If you kick a soccer ball, it will roll along the ground, slow down, and
then stop. From a force point of view, the kick initiated the ball’s movement and then
friction, a very different force, opposed that movement. It requires a lot of experimentation
and discussion before students internalize the understanding that without an opposing
force, the ball would actually keep moving forever at the same speed in the same direction.
Even after extended investigations and discussions, students may still retain preconceptions,
for example, that the initiating force somehow remains associated with the moving object
and keeps propelling it. Modeling the forces at different instants of time (before, during and
after motion) can help address this kind of preconception. Another very powerful way to
deepen understanding of motion is to provide an energy [CCC-5] perspective in addition to
the force perspective.
The energy [CCC-5] perspective can help students understand why objects slow
down. The kick transferred kinetic energy from the foot to the soccer ball. If no interactions
remove kinetic energy from the soccer ball, it makes sense that the ball will keep moving
at the same speed in the same direction. The interaction with the ground transfers some
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of that kinetic energy to the ground (the grass moves and also becomes a little warmer
because of being rubbed by the ball). Since the soccer ball has lost some of its kinetic
energy to the grass and the air surrounding, it naturally slows down and eventually stops.
Students can create a diagrammatic model [SEP-2] of the flow of energy [CCC-5]
within systems [CCC-4] as shown in figure 5.41. This simple diagram of a collision is a
model because it includes components (an energy source and receiver), an understanding
of the way these objects will interact based on the laws of physics (energy is conserved,
with one object decreasing in energy that is transferred to the other object), and it can be
used to predict the behavior of the system [CCC-4] (the object that decreases in kinetic
energy slows down while the object that increases in kinetic energy should speed up).
Students can use these types of diagrammatic models to illustrate transfers of energy.
Figure 5.41. Energy Transfer in a Collision
System of two objects prior
to a collision
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Model of energy flow within a system during a collision. Diagram by M. d’Alessio.

The force of friction is an interaction in which energy [CCC-5] is transferred. Students
must plan investigations [SEP-3] to explore the effects [CCC-2] of balanced and
unbalanced forces on the motion of objects (MS-PS2-2). One such investigation could
involve measuring the velocity of model cars with different amounts of friction by attaching
sticky notes to the front and sides of the car to vary the amount of friction. Students should
notice that when they push the car, they apply a force in one direction (figure 5.42) while
friction is a force working in the opposite direction. The overall change in motion (and
therefore change in energy) depends on the total sum of these forces. Using an energy
source/receiver diagram to model the situation helps draw attention to the fact that all
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of the energy must be accounted for. The car clearly decreases in energy but that means
another component of the system [CCC-4] must increase in energy.
Figure 5.42. Energy Transfer with Friction
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Model of energy flow including friction within an experimental system of a tabletop car. Diagram by
M. d’Alessio.

Using simple analogies such as friction of hands rubbing together, students can conclude
that the energy is likely converted into thermal energy. When rubbing hands together, both
hands warm up even if one hand remains stationary during the rubbing. This observation
gives rise to two related modifications to the previous simpler energy source/receiver
diagram: (1) there can be multiple energy receivers in a system [CCC-4] from a single
energy source; and (2) an object (e.g., the car) can be both the source and the receiver
of energy if that energy converts from one form (kinetic energy) to another form (thermal
energy).
During an interaction when a force acts on an object, that object will gain kinetic
energy. How much will the object’s motion change during this interaction? Students asked
similar questions [SEP-1] in fourth grade (4-PS3-3), and now they will begin to answer
them. The answer depends strongly on the target object’s mass. This principle becomes
easily apparent in collisions. Students can perform investigations [SEP-3] by colliding the
same moving object with target objects of different masses that are otherwise identical
in shape (for example glass versus steel marbles of different sizes, cars with or without
fishing weights attached, etc.). To measure consistent patterns [CCC-1] , students will
need to plan their investigation [SEP-3] (MS-PS2-2) such that the source object has a
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consistent speed (by rolling down a ramp of a fixed distance, for example). This procedure
will ensure that the initial kinetic energy is constant and will lead to a consistent force
initiating the collision interaction, if all other factors remain constant. Students can vary the
mass of the target object and see how its speed changes as a result of the impact, plotting
the results to look for a consistent pattern. This graphical representation should lead them
towards a discovery of Newton’s Second Law that relates the change in an object’s motion
(acceleration) to the force applied and the mass of the object. MS-PS2-2 does not require
that students have a mathematical understanding of acceleration. Instead this performance
expectation focuses on the proportional [CCC-3] relationship of motion changes and force.
When the source and target objects have equal masses and collisions transfer all of
the energy [CCC-5] from source to receiver, the speed of the target object should be
similar to the speed of the source object. This phenomenon can be seen clearly in billiards
when the cue ball comes to a complete stop after hitting another ball. Observations such
as these provide evidence to make the argument [SEP-7] that as one object loses kinetic
energy during the collision, another object must gain energy, and vice-versa (revisiting
MS-PS3-5 from Integrated Grade Six).
In each trial collision so far, the amount of energy [CCC-5] transferred to the target
object has been held constant. While the amount of energy is constant, changes in the
target object’s mass can change how the energy transfer affects the object’s speed. The
motion of smaller target masses changes more (greater acceleration) than the change in
motion of larger target masses. This kind of inverse relationship (bigger mass resulting
in smaller change) can be confusing for students, so it can help to make that aspect of
Newton’s Second Law very explicit. Students can explore this idea further by changing
the kinetic energy of the source object. In that case, the relationship is direct rather than
inverse. Keeping the target object constant, groups of students can predict and demonstrate
that increasing the mass or the speed of the source object increases the change in motion
of the target object. From the energy perspective, a faster moving or more massive source
object can transfer more kinetic energy to the target object. From the force perspective,
a faster moving or more massive source exerts a greater force on the target object.
Animation investigations can complement these tabletop investigations very nicely, and the
dual perspectives of force and energy can help explain [SEP-6] the results of changing
variables within the animations.
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Engineering Connection: Landslide Early-Warning
System
MS-PS2-1 provides a capstone goal for IS1. Students design a solution [SEP-6]
to a problem involving the motion of two colliding objects. The clarification statement
for the performance expectation offers examples of collisions between two cars,
between a car and a stationary object, or between a meteor and a space vehicle. In
order for this challenge to extend deeper into the design process, the suggestion here
is to restrict the projects to situations for which students can physically model and obtain
data that can be used in iterative testing and refinement of their design solution.
The classic egg drop could be used but many of the solutions to that problem
involve slowing the falling egg before the collision. The emphasis for the performance
expectation is on applying Newton’s Third Law that objects experience equal and
opposite forces during a collision. For example, a variation where students attach
eggs to model cars and design bumpers will follow naturally from their prior tabletop
experiments. At the conclusion of their testing and refinement, students should be
able to use their models of energy transfer [CCC-5] and kinetic energy to make
an argument [SEP-7] about how their design solution works. Bumpers tend to reduce
the effects of collisions by two processes: (1) they absorb some of the source kinetic
energy so that less of it gets transferred to kinetic energy in the target object and more
of it gets converted to thermal energy; and (2) they make the collision last longer so
that the transfer of energy occurs over a longer time interval.
No matter what type of collisions students investigate [SEP-3] , they will need
to identify the constraints that affect their design as well as the criteria for identifying
success (MS-ETS1-1). As student teams evaluate competing design solutions (MS ETS1
2) and identify common features of successful models (MS ETS1 3), they can identify
and model the physical processes that are involved, using the dual perspectives of
forces and energy transfers. Students should be able to discuss their bumper solution in
terms of energy source/receiver diagrams such as figure 5.41. Towards the end of their
design challenge, students need to explain [SEP-6] why certain choices they made
actually work, and then use their more detailed models [SEP-2] of their system to
further refine their design.

Now students return to the anchoring phenomenon of an asteroid impact and can use
models of energy transfer to explain various observations of rock layers that formed at the
time the dinosaurs went extinct. First, Earth’s motion appeared largely unaffected by the
asteroid impact. What does this say about the size of the asteroid relative to Earth? Small
chunks, however, were thrown into the air at high speed. Could they fly up faster than
the original asteroid? Lastly, impact sites like Chicxulub Crater show evidence of rock that
melted at the impact site, and many of the distant deposits include solidified droplets of
formerly molten rock. Where did the energy come from to melt this rock?
2016 California Science Framework
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The CCC of energy and matter: flows, cycles and conservation [CCC-5] is applied in
many different contexts throughout the middle grades. One of the middle grade bullets used
to describe this CCC states that “the transfer of energy drives the motion and/or cycling of
matter.” In Integrated Grade Six and Integrated Grade Seven, the emphasis is on the role
of energy transfer in driving the cycling of matter (water cycle, rock cycle, and cycling of
matter in food webs). In Integrated Grade Eight IS1, the emphasis is on the role of energy
transfer in driving the motion of matter.
Using this CCC throughout the middle grades serves at least three complementary
purposes. As students gain experience in applying the CCC, it helps them connect with
different DCIs and understand these DCIs and the related phenomena in greater depth.
As students apply the CCC in different contexts, they get to understand the CCC itself in
greater depth (e.g., transfers of energy can drive cycles of matter and motion of objects).
Thirdly, students experience science as a unified endeavor rather than separate and isolated
topics. Ultimately all of science works together as a unified whole system.
Now that students understand more about the physical science effects of a giant impact,
they can return to the anchoring phenomenon to consider how such an impact would affect
the biosphere. They will need to draw on their understanding of Earth’s interacting systems
from earlier grades (ESS2.A). Students also know that dinosaurs went extinct, while other
species survived and then thrived following the impact. Why? Can we use this information
about how living systems were affected to determine more details about the physical
changes to Earth’s climate following the impact? A goal of the Integrated Model is that
students see how understanding one domain can enhance understanding in others.
To transition to the next instructional segment, students might wonder more about these
asteroids and how they move in space. This turns their attention to the sky.

Integrated Grade Eight Instructional Segment 2:
oncontact orces n uence P enomena
Many phenomena are controlled by forces that do not touch the affected object.
In IS2, students explore gravity and electromagnetism in the context of observable features
of the Sun, Moon, stars, and galaxies. After years of noticing patterns in the movement of
these objects in earlier grades, they finally develop a model that explains these celestial
motions. This model does appear until grade eight because it requires students to visualize
complex motions from multiple frames of reference (both as observers on Earth and out in
space). What makes this unit “integrated” is that the motions are considered in tandem with
the gravitational forces that cause them.

488

Chapter 5

2016 California Science Framework

Grade Eight Preferred Integrated Course Model

INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 2:
NONCONTACT FORCES INFLUENCE PHENOMENA
Guiding Questions
• What causes the cyclical changes in the appearance of the Moon?
• How can an object influence the motion of another object without touching it?
• Does Earth’s force of gravity attract other objects equally?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-ESS1-1. Develop and use a model of the Earth-Sun-Moon system to describe the cyclic
patterns of lunar phases, eclipses of the Sun and Moon, and seasons. [Clarification Statement:
Examples of models can be physical, graphical, or conceptual.] (Introduced, but seasons are
not assessed until IS4)
MS-ESS1-2. Develop and use a model to describe the role of gravity in the motions within
galaxies and the solar system. [Clarification Statement: Emphasis for the model is on gravity
as the force that holds together the solar system and Milky Way galaxy and controls orbital
motions within them. Examples of models can be physical (such as the analogy of distance
along a football field or computer visualizations of elliptical orbits) or conceptual (such as
mathematical proportions relative to the size of familiar objects such as their school or
state).] [Assessment Boundary: Assessment does not include Kepler’s Laws of orbital motion
or the apparent retrograde motion of the planets as viewed from Earth.]
MS-ESS1-3. Analyze and interpret data to determine scale properties of objects in the
solar system. [Clarification Statement: Emphasis is on the analysis of data from Earth-based
instruments, space-based telescopes, and spacecraft to determine similarities and differences
among solar system objects. Examples of scale properties include the sizes of an object’s
layers (such as crust and atmosphere), surface features (such as volcanoes), and orbital
radius. Examples of data include statistical information, drawings and photographs, and
models.] [Assessment Boundary: Assessment does not include recalling facts about properties
of the planets and other solar system bodies.]
MS-PS2-3. Ask questions about data to determine the factors that affect the strength
of electrical and magnetic forces. [Clarification Statement: Examples of devices that
use electrical and magnetic forces could include electromagnets, electric motors, or
generators. Examples of data could include the effect of the number of turns of wire on the
electromagnet or the effect of increasing the number or strength of magnets on the speed
of an electric motor.] [Assessment Boundary: Assessment about questions that require
quantitative answers is limited to proportional reasoning and algebraic thinking.]
MS-PS2-4. Construct and present arguments using evidence to support the claim that
gravitational interactions are attractive and depend on the masses of interacting objects.
[Clarification Statement: Examples of evidence for arguments could include data generated
from simulations or digital tools; and charts displaying mass, strength of interaction, distance
from the Sun, and orbital periods of objects within the solar system.] [Assessment Boundary:
Assessment does not include Newton’s Law of Gravitation or Kepler’s Laws.]
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INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 2:
NONCONTACT FORCES INFLUENCE PHENOMENA
MS-PS2-5. Conduct an investigation and evaluate the experimental design to provide
evidence that fields exist between objects exerting forces on each other even though the
objects are not in contact. [Clarification Statement: Examples of this phenomenon could
include the interactions of magnets, electrically charged strips of tape, and electrically
charged pith balls. Examples of investigations could include first-hand experiences or
simulations.]
MS-PS3-2. Develop a model to describe that when the arrangement of objects interacting
at a distance changes, different amounts of potential energy are stored in the system.
[Clarification Statement: Emphasis is on relative amounts of potential energy, not on
calculations of potential energy. Examples of objects within systems interacting at varying
distances could include: the Earth and either a roller coaster cart at varying positions on a hill
or objects at varying heights on shelves, changing the direction/orientation of a magnet, and
a balloon with static electrical charge being brought closer to a classmate’s hair. Examples
of models could include representations, diagrams, pictures, and written descriptions
of systems.] [Assessment Boundary: Assessment is limited to two objects and electric,
magnetic, and gravitational interactions.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

ESS1.A: The Universe and
Its Stars

[CCC-1] Patterns

[SEP-2] Developing and Using
Models

ESS1.B: Earth and the
Solar System

[SEP-3] Planning and Carrying
Out Investigations

PS2.B: Types of
Interactions

[CCC-3] Scale, Proportion,
and Quantity

[SEP-4] Analyzing and
Interpreting Data

PS3.A: Definitions of
Energy

[SEP-7] Engaging in Argument
from Evidence

PS3.C: Relationship
Between Energy and Forces

[CCC-2] Cause and Effect

[CCC-4] Systems and
System Models

CA CCSS Math Connections: 6.RP.1, 6.EE.2, 6, 7.RP.2, 7.EE.3, 4, MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 3, 7, WHST.6–8.1, 7, SL.8.5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a
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One of the biggest challenges of studying noncontact forces is that it is difficult to
visualize them. How do you see the invisible? In fact, one of the challenges that students
must meet in the CA NGSS is to plan investigations [SEP-3] that provide evidence that
fields exist between objects interacting through noncontact forces (MS-PS2-5). Nature
provides demonstrations of these interactions on a massive scale as galaxies interact (figure
5.43). As an anchoring phenomenon for this instructional segment, students will consider
how galaxies have unique shapes, and some galaxies have long “tails” or diffuse clouds that
appear to connect or interact with nearby galaxies. Students examine images of different
interacting galaxies and record patterns they see. While they can begin to link these
structures to gravity, it is not clear how a force that draws things together causes round,
swirling shapes. Over the course of IS2, they will develop models of attractions between
different objects in the solar system and universe and use them to explain observations.
Figure 5.43. Interacting Galaxies Demonstrate Attraction

Galaxy pair Ar271. Source: Gemini Observatory 2008

In this instructional segment, students use the concept of gravity to explain [SEP-6]
motions within solar systems and galaxies (MS-ESS1-2). Essential components of the
explanation are (1) gravity is a force that pulls massive objects toward one another; (2)
objects in the solar system move in circular patterns around the Sun; and (3) stars in
galaxies move in circular patterns around the center of the galaxy.
Students can illustrate the forces in these circular motions with a rope (figure 5.44).
One person stands in the center and holds the rope while the other starts moving away.
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Once the rope is taut, both people feel the rope tugging them together. The pull of the rope
changes the moving person’s direction, constantly pulling that person back on course so
that they move only in a circular motion around the other person. A significant limitation of
this model [SEP-2] is that it gives the impression that the central mass must rotate as part
of the motion.
Figure 5.44. Kinesthetic Model of an Orbit

“Sun”

Both students feel
the pull of “gravity”
through the rope

“Planet”
The pull of the rope changes
the planet’s direction so that
it always moves in a circle
around the Sun.

Two people can use a rope to model Earth’s orbit around the Sun. Diagram by M. d’Alessio.

Isaac Newton was the first person to develop and mathematically [SEP-5] prove the
idea of gravity as the cause [CCC-2] of orbital motions in the solar system. As part of
his thinking process, Newton developed a conceptual model [SEP-2] of orbits based on
shooting cannon balls at different speeds from a very tall mountain. Gravity always pulls the
cannon ball down, but the direction of “down” changes constantly (just like the direction
of pull from the rope changes constantly as the student runs around the circle). Online
interactive simulations of Newton’s cannon can help students visualize and enjoy Newton’s
cannonball model (see http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link18).
One of the most Earth-shaking aspects of Newton’s theory of gravity is that he showed
that the same force that causes [CCC-2] apples to fall from trees also causes the Moon to
travel around Earth. The same scientific principles that explain [SEP-6] what is happening
on planet Earth can also explain what is happening throughout the solar system and in very
distant galaxies. More specifically, Newton helped us understand that every object attracts
every other object via gravity. One factor affecting the strength of the force depends on
how much mass each of the objects has, with larger masses causing stronger pulls. Because
planets, stars and, galaxies have huge masses, gravity plays a major role in the structures
and motions observed in solar systems and galaxies.
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Explaining Motion in the Solar System
Students develop and use models [SEP-2] of the Earth-Sun-Moon system (MS ESS1 1).
This system involves a variety of effects caused [CCC-2] by three different solar system
objects, two different orbits, and Earth’s rotation on its axis. Associated phenomena include
Moon phases, eclipses, and the lengths of a day, a month, and a year. In the course of
their exploration, students can practice using and developing models [SEP-2] (physical,
kinesthetic using their bodies, computer-based) and directly experience that different kinds
of models inherently have advantages and limitations.
Typically in educational settings, students have been presented with established models
that resulted from decades or centuries of observations and investigations. Over those long
periods of time scientists developed, argued about, and revised models to explain observed
phenomena, and they made predictions that could be tested based on different models.
In CA NGSS classrooms, the pedagogic philosophy is to have students engage more in the
SEPs involved with building models rather than simply showing them the completed models
that are currently supported by a consensus among scientists. Instructional materials and
teachers can choose the relative amount of emphases to place on developing models and
on using established models.

Factors Controlling the Effects of Gravity
Before grade eight, students in the middle grades were hearing and talking about gravity.
However, if they are asked to compare how strongly Earth pulls on a bowling ball and on
a baseball, they are very likely to say that Earth pulls equally hard on each. Based on all
our earthly experiences of falling objects, it is very logical to think that gravity is a special
property of Earth similar to other properties like density or color. But gravity is the property
of a system [CCC-4] caused by an interaction between the components of that system.
This example provides a strong connection to IS1 where students learned that two objects
involved in a force have an “equal and opposite” relationship. No single object exerts a force
just by itself.
Gravity also illustrates another feature of forces, a puzzling feature that even Isaac
Newton could not explain. How can an object exert a force on or with an object that it is not
even touching? Gravity is an example of a noncontact force (figure 5.45). The Golden Gate
Bridge in San Francisco and Dodger Stadium in Los Angeles pull on each other and also pull
on every person in California. The reason we do not notice these pulls is that they are so
weak compared with the attraction the planet itself exerts on us. Since all mass is attracted
to all other mass in the universe, it is also true that the Sun itself pulls on every student.
Why don’t students fly up in the sky towards the hugely massive Sun?
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The answer is that the strength of the gravitational force also depends on the relative
positions of the interacting objects (i.e., the distance between them). Gravity on Earth is
usually thought of as pulling objects toward the center of the planet, but there is nothing
particularly special about the mass at the center of the planet or the downward direction.
A person gets pulled by every piece of the entire planet, with the ground directly beneath
his or her feet exerting the strongest pull and the ground on the opposite side of the planet
exerting a much weaker force because of its distance away. Because these secondary forces
are so weak, it is difficult to experiment directly with the factors that affect gravity, but
students can investigate [SEP-3] using free computer simulations that visualize these
forces with two bodies (PhET, http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link19). Students can
apply their knowledge of gravitational forces to simulations of much more complex planetary
systems (Test Tube Games, http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link20) where they
get to create different size planets and place them in different positions. They can design
experiments, predict how different configurations will end up looking, and be challenged to
create their own solar system.
Figure 5.45. Contact Forces and Noncontact Forces

Objects can apply a force even if they are not “touching.” Source: From Making Sense of SCIENCE:
Force and Motion (WestEd.org/mss) by Daehler, Shinohara, and Folsom. Copyright © 2011b
WestEd. Reproduced with permission.
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Just as students investigated the sum of forces when objects are touching in IS1
(MS-PS2-2), changes in motion are caused [CCC-2] by the sum of all forces acting on
an object. Earth is a sphere, so there is approximately the same amount of ground level
mass to the north, south, west, and east of a person, so these pulls counteract each other.
The overall gravitational effect is a downward pull towards the center of the planet. With
very special devices, scientists can precisely measure differences in the direction and pull
of gravity at different locations on Earth. For example, if an underground aquifer is full
of water or an underground volcano chamber fills with magma, the extra mass will pull
slightly harder on objects than if the aquifer were dry or the magma chamber empty. This
difference in pull can be measured using satellites orbiting the planet that provide valuable
data for monitoring water supplies and volcanic hazards (see GRACE Watches Earth’s Water
at http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link21).

Opportunities for ELA/ELD Connections
Have students create a visual and explain, using evidence and scientific principles, how
an object influences the motion of another object without touching it. Ask students to
list the scientific terms they will be using. As students present, coach and encourage
them to use all the listed terms correctly.
CA CCSS for ELA/Literacy Standards: WHST.6–8.7; SL.6–8.4, 5; L.6–8.6
CA ELD Standards: ELD.PI.6–8.9

Similarities Between Gravity and Magnetism
Figure 5.45 includes magnetism as an example of a force that acts at a distance
(noncontact forces). Static electricity is another example of a noncontact force that students
can readily investigate [SEP-3] . The modern explanation of the puzzling phenomenon of
noncontact forces is that fields exist between objects that exert noncontact forces on each
other. Students probably have ideas about force fields based on science fiction movies.
Students at the middle grades level are not expected to understand the physics concept
of fields, but they can begin to approach a more scientific understanding of force fields
by measuring [CCC-3] the strength of these fields under a variety of conditions.

Noncontact Forces and Energy
MS-PS3-2 connects investigations [SEP-3] of fields with the concept of potential
energy. Students are expected to describe that changing the arrangement of objects
interacting at a distance causes [CCC-2] different amounts of potential energy to be stored
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in the system. During IS1 of Integrated Grade Eight, students applied energy considerations
to complement and deepen their understanding of phenomena involving forces and motion.
Without necessarily using the term gravitational potential energy, students investigated
situations that involved the back-and-forth transfers of gravitational potential energy and
kinetic energy (e.g., in the motion of a pendulum or a roller coaster).
In Integrated Grade Seven, students also encountered the concept of potential
energy with respect to the chemical energy stored in molecules. In food-web models of
ecosystem energy flows [CCC-5] , they illustrated that this chemical potential energy
transferred to motion energy and thermal energy. Students may have created or analyzed
graphic organizers comparing forms of kinetic and potential energy, such as table 5.10.
Table 5.10. Forms of Energy
ENERGY OF MOTION
Energy due to the motion of matter

ENERGY OF POSITION
Energy due to the relative positions of
matter

Kinetic Energy

Gravitational Potential Energy

Thermal Energy (often called Heat Energy)

Elastic Potential Energy

Light Energy

Chemical Potential Energy

Sound Energy

Magnetic Potential Energy

Electrical Energy

Electrostatic Potential Energy

Source: From Making Sense of SCIENCE: Energy (WestEd.org/mss) by Daehler, Shinohara, and
Folsom. Copyright © 2011a WestEd. Reproduced with permission.

Unlike gravitational fields around stars and planets that are hard to visualize, students
can easily collect data [SEP-8] about the position and orientation of iron filings contained
within a clear plastic box as they move a bar magnet nearby (MS-PS2-5). They can then
predict and record the resulting patterns [CCC-1] that they observe as they introduce
different magnets and magnetic objects nearby. Students should begin to ask questions
[SEP-1] about the spatial patterns [CCC-1] that they observe (MS-PS2-3). For example,

what happens if two magnets are placed end to end versus side by side? Does the pattern
change with the addition or movements of a magnetic object? Since iron filings tend
to concentrate in areas where the magnetic force is strongest, students can use their
observations to describe the relative strength of the invisible magnetic field at different
locations. They can also relate the lines of iron filings to the spiral arms in interacting
galaxies. Both structures form because of interactions at two different scales: the small
scale attractions between individual particles cause the clustering, and the large-scale
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attractions due to the broader field cause these clusters to align in systematic shapes
(galaxy shapes are further complicated by the initial movements and rotations of the
galaxies). Students can design and conduct similar investigations [SEP-3] based on
electrostatic forces of attraction and repulsion.
Magnetic fields provide a way to visualize the potential energy of magnets. Magnetic
potential energy has some similarities with gravitational potential energy where the relative
position of the objects determines the strength of the force. Because magnets have two
poles, orientation also becomes important. Changing the relative position and orientation of
magnets can store potential energy that can be converted into kinetic energy. By analyzing
data [SEP-4] from frame-by-frame video analysis of a compass needle, students can

determine the conditions that cause [CCC-2] the needle to gain the most kinetic energy.
They can use these observations to support their model [SEP 2] that the arrangement of
objects determines [CCC-2] the amount of potential energy stored in the system [CCC-4]
(figure 5.46).
Figure 5.46. A Magnet Moving a Compass Needle
System with a magnet
moving a compass needle

Compass needle

Source Object

Receiver Object

compass
needle

compass
needle

Decrease in

Increase in

Magnet

N
W

Model of energ
ow within the system
with a magnet moving a compass needle

E
S

magnetic
potential
energy

kinetic
energy

Schematic diagram and model of energy flow within a system of a magnet moving a compass
needle. Diagram by M. d’Alessio.

Students can also use iron filings to investigate [SEP-3] electromagnets and
gather evidence about the spatial patterns [CCC-1] of the magnetic fields created by
electromagnets. Students can try to create the strongest electromagnet, allowing different
groups to ask questions [SEP-1] about the factors that affect magnetic strength such as
the number or arrangement of batteries, number of turns of the coil, or material inside the
coil (MS-PS2-3).
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Notice that the text and figure 5.46 describe the potential energy of the system. Some
textbooks and curricular materials may refer to “the potential energy of the object,” but this
language should be avoided. The potential energy is a property of a system [CCC-4] based
on the objects within the system and their spatial and other relationships to each other.
Keeping this systems approach helps elucidate the nature of gravitational, electrostatic, and
magnetic fields.
The end of grade eight IS2 provides an opportunity to reflect on the progression
of major physical science concepts, particularly flows of energy [CCC-5] , throughout
the integrated science middle grades span. In grade six, students explored many
transformations of energy, especially those that involved thermal energy, such as in the
water cycle and weather conditions. In grade seven, they modeled flows of energy into
and out of organisms and ecosystems, and experienced the concept of potential energy in
the context of chemical reactions, food chains, and food webs. In the first two grade eight
instructional segments, students again investigated [SEP-3] , collected evidence [SEP-8] ,
made arguments [SEP-7] , developed models [SEP-2] , and constructed explanations
[SEP-6] involving major energy concepts. Although the CA NGSS middle grades physical

science performance expectations and DCIs do not explicitly mention or require the Law
of Conservation of Energy, this key concept actually is implicit in many of their models
and explanations. Calling attention to this concept during or after IS1 and IS2 could help
solidify student understanding and better prepare to apply this concept as they continue to
encounter and wonder about phenomena.
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Integrated Grade Eight Snapshot 5.7:
Causes of Io’s Volcanism
Anchoring phenomenon: Io, a moon of Jupiter, has massive volcanic eruptions.

Mr. J developed a unit around Io, one of four moons of Jupiter discovered
by Galileo using his telescope. However, students benefited from the far
better images captured by satellites. They investigated images of its surface
features and snapshots of eruption plumes and discovered evidence for
Io’s active volcanism. They collected and compared data [SEP-4] contrasting the size of
volcanoes and eruptions on Io to those on Earth (MS-ESS1-3). They used their findings to
support the claim that Io is the most volcanically active body in the solar system. Students
looked at thermal infrared images of Io and saw how the surface is dotted with hot regions
that correspond to the volcanoes seen in visible light. Where does all this energy [CCC-5]
come from? Students read an article to obtain information [SEP-8] about three different
possible sources of heating, including energy generated by interactions with Jupiter’s
magnetic field, tidal friction caused by gravity, and internal heat from radioactivity. All three
of these mechanisms are complex, so Mr. J worked hard to find an article that provided just
the right level of detail to introduce the ideas at the middle grades level. It focused on the
idea of energy transfer without dwelling on the complex details. After reading the article,
Mr. J instructed students to draw diagrams that modeled the flow of energy [CCC-5] in
these systems [CCC-4] .
Over the next several days, they explored each of these possible mechanisms. The
article emphasized that all three mechanisms cause [CCC-2] some heating of Io. In
the middle grades, students begin to consider processes that are influenced by multiple
causes and to ask questions [SEP-1] about the relative importance of each cause.
Investigative phenomenon: A satellite orbiting Jupiter recorded different
magnetic field strengths as it moved to different locations around the planet at
different distances away.

The class doesn’t spend much time on internal radioactivity, which is discussed
more in high school when students have a model of the internal structure of atoms (the
article indicates that this source is small compared to the others). Magnetic heating is
an energy transfer mechanism that is more complex than even the high school level, but
students in the middle grades are expected to explore magnetic fields in the CA NGSS.
The students analyzed [SEP-4] the magnetic field strength recorded by a satellite as it
passed close to the Jupiter and asked questions [SEP-1] about the factors that affected
the strength (MS-PS2-3).
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Integrated Grade Eight Snapshot 5.7:
Causes of Io’s Volcanism
Investigative phenomenon: The orbital period of Io is exactly half that of
Europa and one-fourth that of Ganymede.

The article described how Io receives energy from constant pulling by Jupiter and its
other moons. Students used a virtual telescope simulator to examine the orbits of Io and
the other moons of Jupiter and discovered that Io’s orbital period is exactly half that of
Europa and one-fourth that of Ganymede. Students used this evidence to support the
claim [SEP-7] that the planets interact with one another through gravity (MS-PS2-4).
They drew diagrams with arrows that indicated the direction of gravitational attraction
between the moons at different snapshots in time where they have different relative
positions. They used these models [SEP-2] to describe how the moons affect one
another’s motion (MS-ESS1-2). Students also used these diagrams to demonstrate how
the gravitational potential energy of the system changes (when the planets get closer
together, they have less potential energy; MS-PS3-2). As potential energy in a system
decreases, there must be an increase in some other form of energy (or a flow of energy
out of the system)—in this case, the potential energy is converted to heat energy.
Investigative phenomenon: Loki volcano erupts on a cycle that repeats about
once every 1.5 Earth years.

They ended the unit by examining the eruptive history of Io’s largest volcano, Loki.
Could it provide clues about the relative importance of each heating mechanism? The
volcano alternates between high activity and low activity, and Mr. J asked them to predict
what the time interval might be for each of the mechanisms. He scaffolded the discussion
and directed students to tie their thinking to Io’s orbit around Jupiter (about 42 hours)
and its interactions with the other moons (multiples of two and four times longer). Then,
students analyzed data [SEP-4] to determine the actual time interval between eruptive
peaks (Rathbun et al. 2002). They found that the cycle repeats about every 1.5 Earth
years, much longer than the cycles they were expecting. Mr. J knew that his students would
be disappointed and confused, but he intentionally chose this data set because he wanted
to highlight an authentic scientific experience for his students where they did not find any
answer at all. He explicitly drew attention to the importance of time scale [CCC-3] ,
noting that students were able to rule out certain cause and effect mechanisms [CCC-2]
because the time scale of the possible cause is radically different than the time scale of the
effect. The actual cause of the 1.5-year cycle remained a mystery to the students!
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Integrated Grade Eight Instructional Segment 3:
Evolution Explains Life’s Unity and Diversity
IS3 focuses on Earth’s extremely long geological history and the changes in
Earth’s web of life over billions of years. When Earth scientists observe Earth’s current landforms, they are usually looking at the results of Earth processes that occurred over millions
of years and involved thousands of square miles of area. These time and distance scales
[CCC-3]

are too slow and too large to reproduce in a lab. Imagine trying to do a reproduc-

ible experiment by selectively changing one variable at a time at those time and distance
scales! Instead, investigations in Earth science often begin with carefully observing what the
Earth looks like today, and then trying to reproduce similar features in small-scale laboratory experiments or computer simulations. Scientists can even apply these models of Earth
processes to other planets like Mars to understand their history. On Earth, these tools have
allowed scientists to recover a remarkable history of life on Earth.

INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 3:
EVOLUTION EXPLAINS LIFE’S UNITY AND DIVERSITY
Guiding Questions
• What can we infer about the history of Earth and life on Earth from the clues we can uncover
in rock layers and the fossil record?
• What evidence supports Darwin’s theory of biological evolution?
• How do evolution and natural selection explain life’s unity and diversity?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS3-1. Develop and use a model to describe why structural changes to genes (mutations)
located on chromosomes may affect proteins and may result in harmful, beneficial, or neutral
effects to the structure and function of the organism. [Clarification Statement: Emphasis is
on conceptual understanding that changes in genetic material may result in making different
proteins.] [Assessment Boundary: Assessment does not include specific changes at the
molecular level, mechanisms for protein synthesis, or specific types of mutations.]
MS-LS4-1. Analyze and interpret data for patterns in the fossil record that document the
existence, diversity, extinction, and change of life forms throughout the history of life on Earth
under the assumption that natural laws operate today as in the past. [Clarification Statement:
Emphasis is on finding patterns of changes in the level of complexity of anatomical structures
in organisms and the chronological order of fossil appearance in the rock layers.] [Assessment
Boundary: Assessment does not include the names of individual species or geological eras in the
fossil record.]
MS-LS4-2. Apply scientific ideas to construct an explanation for the anatomical similarities and
differences among modern organisms and between modern and fossil organisms to infer
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INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 3:
EVOLUTION EXPLAINS LIFE’S UNITY AND DIVERSITY
evolutionary relationships. [Clarification Statement: Emphasis is on explanations of the
evolutionary relationships among organisms in terms of similarity or differences of the gross
appearance of anatomical structures.]
MS-LS4-3. Analyze displays of pictorial data to compare patterns of similarities in the
embryological development across multiple species to identify relationships not evident in the
fully formed anatomy. [Clarification Statement: Emphasis is on inferring general patterns of
relatedness among embryos of different organisms by comparing the macroscopic appearance
of diagrams or pictures.] [Assessment Boundary: Assessment of comparisons is limited to gross
appearance of anatomical structures in embryological development.]
MS-LS4-4. Construct an explanation based on evidence that describes how genetic variations
of traits in a population increase some individuals’ probability of surviving and reproducing
in a specific environment. [Clarification Statement: Emphasis is on using simple probability
statements and proportional reasoning to construct explanations.]
MS-LS4-5. Gather and synthesize information about the technologies that have changed the
way humans influence the inheritance of desired traits in organisms. [Clarification Statement:
Emphasis is on synthesizing information from reliable sources about the influence of humans
on genetic outcomes in artificial selection (such as genetic modification, animal husbandry,
gene therapy); and, on the impacts these technologies have on society as well as the
technologies leading to these scientific discoveries.]
MS-LS4-6. Use mathematical representations to support explanations of how natural
selection may lead to increases and decreases of specific traits in populations over time.
[Clarification Statement: Emphasis is on using mathematical models, probability statements,
and proportional reasoning to support explanations of trends in changes to populations.]
MS-ESS1-4. Construct a scientific explanation based on evidence from rock strata for how
the geologic time scale is used to organize Earth’s 4.6-billion-year-old history. [Clarification
Statement: Emphasis is on how analyses of rock formations and the fossils they contain are
used to establish relative ages of major events in Earth’s history. Examples of Earth’s major
events could range from being very recent (such as the last Ice Age or the earliest fossils of
Homo sapiens) to very old (such as the formation of Earth or the earliest evidence of life).
Examples can include the formation of mountain chains and ocean basins, the evolution
or extinction of particular living organisms, or significant volcanic eruptions.] [Assessment
Boundary: Assessment does not include recalling the names of specific periods or epochs and
events within them.]
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.

502

Chapter 5

2016 California Science Framework

Grade Eight Preferred Integrated Course Model

INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 3:
EVOLUTION EXPLAINS LIFE’S UNITY AND DIVERSITY
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS3.A: Inheritance of Traits

[CCC-1] Patterns

LS3.B: Variation of Traits

[CCC-2] Cause and Effect

[SEP-4] Analyzing and
Interpreting Data

LS4.A: Evidence of Common
Ancestry and Diversity

[CCC-6] Structure and
Function

[SEP-5] Using Mathematics and
Computational Thinking

LS4.B: Natural Selection

[CCC-7] Stability and
Change

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ESS1.C: The History of
Planet Earth

LS4.C: Adaptation

[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating,
and Communicating Information
Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: 6.RP.1, 6.SP.5, 6.EE.6, 7.RP.2, MP.4
CCSS for ELA/Literacy Connections: RST.6–8.1, 4, 7, 9, WHST.6–8.2, 8, 9, SL.8.1, 4, 5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a

While the evidence that a giant impact triggered the extinction of the dinosaurs is strong,
there are a few loose ends of evidence that do not quite fit the claim. As an anchoring
phenomenon for this instructional segment, students will consider that very few dinosaur
fossils are found in rock layers slightly below the layer formed at the time of the major
asteroid impact (implying that they may have declined before the major impact). The most
compelling piece of evidence supporting the impact claim is that the dinosaurs died out at
the same time a layer formed during a giant impact. It’s important to define what the “same
time” means—layers of rock may take thousands or even hundreds of thousands of years to
form. Scientists are not proposing that dinosaurs were instantly obliterated, but instead died
out over time in the years following the impact. There should be evidence of this die off in the
layers of rock. In one of the rock layers with the most prolific dinosaur fossils, the Hell Creek
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Formation in Montana and surrounding states, dinosaur fossils are common below the impact
layer, but become sparse several meters below the impact layer. In geologic layering, below
means before. Did dinosaurs start going extinct before the impact? Or is the scarcity just due
to the fact that dinosaur fossils are rare? At this point in grade eight, students are ready to
contend with these challenges. According to the progressions in appendix 1 of this framework,
middle grades students analyze data [SEP-4] with a more critical eye, considering limitations
and possible errors in the data themselves. To resolve the dinosaur dilemma, students need a
better understanding of how to read the layers of rock like geologists.
While geologists use phrases like “66 million years ago,” nobody can realistically
experience how long that time span really is and the kinds of changes that can happen
over that scale [CCC-3] of time. Anchoring the unit in a perspective of geologic time
helps students conceptualize such scales. One model that educators often use to help us
get a handle on how Earth and life have changed over such an immense period of time is
to condense all of Earth’s history into an imaginary calendar year (table 5.11). Each day
on that calendar represents about 12.5 million years. An alternative is to have students
construct a scale model of geologic time using adding machine tape that is then hung in the
classroom for the duration of the unit.
Table 5.11. One-Year Calendar Model of Geological Time Scale
EVENT

ACTUAL DATE

ONE YEAR CALENDAR

Earth Formed

4,550,000,000 years ago

January 1

First single-celled organisms

3,500,000,000 years ago

March 24

First multicellular organisms

1,200,000,000 years ago

September 22

First hard-shelled animals

540,000,000 years ago

November 18

First land plants

425,000,000 years ago

November 27

First reptiles

350,000,000 years ago

December 3

First mammals

225,000,000 years ago

December 13

Dinosaur extinction

66,000,000 years ago

December 26

First primates

60,000,000 years ago

December 27

First modern humans

200,000 years ago

11:33 p.m. on December 31

Source: Information from Sussman 2006.

The clarification statement for MS-ESS1-4 indicates that the emphasis of this
performance expectation is not on the geologic timescale itself, but rather how different
evolutionary and geologic events are put into a sequence using evidence from rock strata.
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Students identified patterns in rock layers and used them to interpret fossils back in grade
four (4-ESS1-1). In grade seven, students developed a model of rock cycle processes such
as erosion and sedimentation (MS-ESS2-1) that form sequences of rock layers that have
preserved fossils. One geologic application of the CCC of stability and change [CCC 7]
is that geologists assume that processes we observe today operated the same way in
the distant past. In other words, we can use the present as a key to interpret the past.
Students must be able to use this overarching principle to explain [SEP-6] how they can
use rock layers to determine the sequence of events in the past such as those in table 5.11
(MS-ESS1-4). The evidence statement for MS-ESS1-4 provides a complete list of the types
of reasoning students should be able to use in their explanation, including the ordering of
layers with the most recent material being deposited on top of older material, the presence
or absence of fossils of certain species that lived only during certain time intervals, and the
identification of layers with unique chemical or structural signatures caused by major events
such as lava flows and impacts with high iridium concentrations. In essence, geologists
use clues in the rock layers to reconstruct a sequence of events much like a detective
determines the timeline surrounding a crime. In fact, one way to introduce these principles
is through a murder mystery (USGS, http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link22).
Students then need to practice reconstructing sequences from simple diagrams of layers to
ensure that they have mastered the principles of relative dating.
Since dinosaur fossils are rare, the absence of dinosaur fossils in a layer is not reliable
evidence of extinction. Other organisms, however, are much more common. Students next
investigate a sequence of layers above and below the layer caused by the impact that may
have killed the dinosaurs. Students will look at layers of rocks that formed at the bottom of
the ocean, and they can tell that they are marine rocks because they formed in continuous
flat layers out of calcium-rich material and contain fossils of microscopic organisms called
foraminifera. An astonishing variety of foraminifera live in the ocean today, each species with a
different size and shape shell. Students examine the diversity of foraminifera in each of these
ancient rock layers. Using cards with pictures of the view through a microscope of foraminifera
shells extracted from a single layer, students document the species in that layer and compare
them to the next layer upwards (figure 5.47). Which species from the lower layer survived into
the next layer, which went extinct, and which new species appeared? They analyze [SEP-4]
all the layers together from the class and create a graph showing how the number of species
changed over time. To interpret [SEP-4] their findings, students must remember that the
progression of layers represents the progression of time. A sudden decrease in the number
of species represents a major extinction event, and students see evidence of this extinction
occurring right up to the layers immediately above and below the clay layer from the impact.
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Figure 5.47. Microscopic Views of Fossil Foraminifera from Different Rock Layers

Source: M. d’Alessio with foraminifera data from National Research Council 1995 and image from
Meléndez and Molina 2008

Whatever the exact cause, the majority of foraminifera species went extinct at the time
of the impact, though some did survive. The number of species increases again in layers
above the impact, and many of the species that survived the impact go extinct as these new
species appear. What traits did the species that died share and how did they differ from the
species that survived? Why did many of the species that survived eventually die off? To fully
understand these phenomena in the fossil record, the focus of this instructional segment
shifts to life science DCIs about natural selection and their implications for evolution.

Opportunities for ELA/ELD Connections
Students read two articles that outline some of the possible climatic changes that
could have accompanied a major impact, one review by a scientist (Cowan 2000)
and one reporting the results of a scientific study in a newspaper (Netburn 2016).
They evaluate [SEP-8] the differences between the articles. How do the tones of
the articles differ? What sort of information is included in each? Students then ask
questions [SEP-1] about how these climate changes would affect populations.
CA CCSS for ELA/Literacy Standards: R.I.8.2, 8, 9
CA ELD Standards: ELD.PI.8.6, 7
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While it is not possible to go back in time to monitor how the impact would affect the
Earth systems and interactions between them, scientists do study modern changes to
ecosystems and how they affect populations. The snapshot below illustrates how scientists
track modern changes.

Integrated Grade Eight Snapshot 5.8:
Making Sense of Natural Selection
How do climatic changes (ESS3.D) lead to the predominance of certain traits
in a population over generations? To gauge what students already knew
about how environmental changes impact living things, Ms. Q started the
learning sequence with a brief pre-assessment probe about what happens to
individuals when there is such a dramatic change that all of the animal’s food supply dies
off (Keeley, Eberle, and Tugel 2007). Will it change its diet? Hibernate for the first time
ever? Die? Change in some other way?
Anchoring phenomenon: Finches on the Galapagos Islands have different size
and shape beaks.

Ms. Q introduced the anchoring phenomenon for this sequence—images showing
differences between Galapagos finches—the same birds that intrigued Darwin during his
voyage on the HMS Beagle. She asked students to record observations of the finches and
questions they have about them. She then presented students with a page from Darwin’s
ornithological notes (where Darwin describes his confusion over the birds). She asked
students how Darwin used cause and effect [CCC-2] to frame his thinking. What effects
did he recognize and what causes was he considering?
Investigative phenomenon: In a simulation, birds with different size beaks die
off when the climate changes and causes a change in food supply.

Over the next days, students engaged in the Clipbird activity (Janulaw and Scotchmoor
2011). In this hands-on simulation, students used the lens of cause and effect [CCC-2]
to understand how a change in the environment over time impacts the ability of plants to
reproduce (produce seeds), which in turn impacts birds’ food supply and thus their survival.
In this simulation, a mountain range separated two different populations of birds. Each
population began with the same small variations in beak size and similar food supply in the
first two rounds of the simulations (“seasons”). In seasons three and four, the “climate”
diverged on the two sides of the mountains and the food supply changed. Before actually
acting out the simulation each season, students predicted the outcome knowing the food
supply. After season four, students constructed an explanation [SEP-6] , using cause
and effect [CCC-2] evidence to address the question: How does change in the climate
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Integrated Grade Eight Snapshot 5.8:
Making Sense of Natural Selection
impact each population (MS LS4 4, MS-LS4-6)? They wrote in their notebooks, shared with
their team, and finally revised their thinking as appropriate and constructed a single team
explanation (figure 5.48).
Figure 5.48. Preliminary Student Explanation of the Clipbird Scenario

Source: Photo provided by Jill Grace.
The following day, Ms. Q asked her students to think of ways they could be more
certain or “sure” that their explanation [SEP-6] was accurate. This eventually led to a
discussion of sample size, and Ms. Q presented the students with data from all of her
classes. She asked the students to consider ways in which the data could be displayed
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Integrated Grade Eight Snapshot 5.8:
Making Sense of Natural Selection
to better understand it, and students agreed they should combine and then graph the
data. Organizing and presenting the data [SEP-4] in a visual form (graph) helped
students make sense of the information and enabled them to discuss and work with their
team to review and revise their explanations [SEP-6] through the lens of cause and
effect [CCC-2] .
How would the populations change after 100 generations or even 1,000? Ms. Q
informed the students that their simulation was based on an actual study by scientists
who had observed the real-life effects. She spent the next several days exploring actual
data from Grant and Grant (2014) and media resources (Howard Hughes Medical Institute
2014), including articles that described some of the changes that global climate change
may bring to different species in the Galapagos and beyond (ESS3.D).

atural Selection ased on our Scientific once ts
Natural selection is a mechanism [CCC-2] that explains how species change over time
in response to changing environments. Students will need to develop a conceptual model
[SEP-2] of natural selection that connects several DCIs (figure 5.49). Students observed
evidence of the first three concepts in Integrated Grades Six and Seven: organisms have
variable traits that are inherited (LS3.A, B), most organisms produce far more offspring
than survive, and individuals in a population compete with each other for resources
(LS2.A). Darwin’s contribution was to link these ideas together and explain them: organisms
that have traits that increase their success (survival and reproduction) in the current
environment are more likely to pass their traits to their descendants than organisms that
have traits that are not so well suited to the environment (LS4.B).
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Figure 5.49. Four Key Ideas in Natural Selection

1
Individuals in a population of
organisms vary in characteristics
that are inherited.

2
Organisms produce more
offspring than the
environment can support.

3
Individuals compete for
survival and reproductive
success.

4
Organisms whose variations increase their ability
to survive and reproduce in the current
environment are most likely to pass
those variations to their descendants.

Source: Adapted from Sussman 2006.

Darwin lived in England in the mid- to late 1800s. His country led the world in
advancements of geologic ideas, and provided evidence that Earth had an immensely long
history and that changes generally happened very slowly. Darwin and his contemporaries
also assumed that natural laws that governed biology would follow the same logic; evolution
must also be very slow. We now know, however, that the rate with which changes occur
depends on generation time. The traits common in a population shift each generation.
These small-scale changes are measurable and can lead to a small increase in the ability to
survive and reproduce. Given enough time, however (sometimes thousands of generations),
these small changes can accumulate and lead to major change and can account for the
diversity we see in life today. A population that appears stable might actually be slowly
changing, and students will benefit from explicitly considering the CCC of stability and
change [CCC-7] . By the end of the middle grades, students are expected to be able to

recognize that processes can cause both slow and rapid changes, and this understanding
feeds into an even more sophisticated view of dynamic equilibrium in high school where
students will quantify feedback mechanisms that control the rate of change. Students
can provide examples from their own lives where changes occur slowly and rapidly (grass
grows slowly each day until it is suddenly cut; they make steady progress reading a book
each night during the week and then race through to the end during a reading binge one
weekend). The Clipbird snapshot (snapshot 5.8) provides a tangible example in which
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during seasons one and two changes were slow, but the sudden shift in food availability
in seasons three and four (simulating major climate change over a compressed classroom
timescale) caused more rapid population changes. Students can identify similar effects
in real data sets, such as the Geospiza fortis and use mathematical models [SEP-5] to
describe these changes (MS-LS4-6).

Linking Natural Selection and Evolution
To develop an understanding about how these changes in populations can add up to
major differences between species, students need to track different examples. Darwin
used evidence [SEP-7] from artificial selection (most notably dogs and pigeons) to support
his claims about natural selection as the mechanism for evolutionary change. Artificial
selection refers to how humans have consciously selected and bred plants and animals to
have traits that humans wanted to exploit, taking advantage of naturally occurring random
variations. Doing this keeps increasing the quantity and quality of a particular trait in a
local population. In the example of dogs, exploited traits were those that helped hunters
find prey or those that helped to control the behavior of other animals on the farm. There
are numerous examples of humans artificially selecting for traits in animals and plants.
Examples include selecting for the kind of sheep that give the best quality wool, trees that
yield the biggest and sweetest fruit, crop plants that grow quickly or are resistant to pests,
and cows that provide the most milk. Tapping into prior knowledge students have about
such examples is a good entry point for students to start thinking about artificial selection.
Digging deeper, students could investigate a case study involving scientists’
understanding of the history of modern maize (corn), which holds tremendous cultural
significance. Scientists puzzled for a long time trying to reconstruct the ancestry of
modern maize from what some claimed was the common ancestor, teosinte. Students
obtain information [SEP-8] from resources (e.g., Weed to Wonder: Domestication,
http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link23) to discover the lines of evidence used to
support the claim and to document questions they have about the evidence. Students can
then argue from evidence [SEP-7] to evaluate the strength of the evidence to support
the claim and view the Howard Hughes Medical Institute (HHMI) Video Popped Secret: The
Mysterious Origin of Corn (http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link24) to compare their
research and arguments.
Students can compare and contrast the processes of artificial selection and natural
selection. By selecting for specific characteristics over many generations, humans
consciously take advantage of naturally occurring variations, and they keep increasing
the quantity and quality of a particular trait in a local dog or plant population. In artificial
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selection, nature provides random variations in traits, and human beings select the traits
that they want. In natural selection, nature provides both the random trait variations and
the selection mechanisms (competition due to changing environments).

What Causes Variation?
Both natural selection and artificial selection require random inheritable variations in
traits. But, what exactly causes [CCC-2] these random variations in heritable traits? Darwin
and his contemporaries at the end of the nineteenth century did not know the precise
mechanism. The answers had to wait until great advances were made in biology about 100
years after Darwin published his theory of evolution by natural selection.
In grade six, students developed a model of how sexual reproduction results in genetic
variation in offspring (MS-LS3-2), and they now extend that model to include variation
by genetic mutation and the tie between genes, proteins, and traits. Specific molecular
details of how this happens, including the discussion of DNA and mechanism for protein
synthesis, are reserved for high school, HS-LS1-1. Students can begin with another case
study identifying patterns [CCC-1] in the bodies of arthropods (figure 5.50). Are animals
with similar body types closely related? Students can group animals based on similar body
structures and lay these groups out on an evolutionary tree that reveals something about
possible sequences (i.e., which came first, and when did the others diverge?).
Figure 5.50. Arthropod Bodies Have Similar Structures

Source: M. d’Alessio with image from PhiLip 2007; adapted image from Haug et al. 2015, Fig. 4; and
data from Haug et al. 2015.
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Some scientists make an analogy between genetic code and programming computer
code. If an organism has a specific gene sequence for creating a leg, it’s easy to visualize
how the body would create legs in different locations if the gene sequence gets moved, or
how additional legs would grow if the segment is activated multiple times. The process is
analogous to copying and pasting computer code to different parts of a computer program.
When cells can copy their genetic code (for reproduction or other purposes), errors can
occur that cause sections to get moved or duplicated. Students can see evidence of these
mutations to the genetic code in arthropod bodies. In fact, the specific genes for body
segments that show up in arthropods can be traced throughout all modern animals (figure
5.51). Slight variations in these body segment genes, called “Hox genes,” provide genetic
recipes for different body parts.
Figure 5.51. Animals Share Similar Genetic Code for Body Segments
Pre-Hox Gene

Evolution over time

chromosome
Accidental duplication of pre-Hox gene
Small mutations cause each gene
to take on different functions

Ancestral Hox Gene
Additional copying and mutation

Additional copying and mutation

first bilateral animal ancestor
Additional copying and mutation

Insect

Clam

Starfish

Source: M. d’Alessio

With this conceptual framework linking genes and specific body structures, students
now need to refine their models of mutations and link them more closely to the functioning
of proteins and cells. By representing genetic codes of a virus as sequences of letters or
colored bars, students can simulate random mutations and investigate their effects (see
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Part Two: Evolution of the Mutants from HIV: Evolving Menace from the NSTA Publication,
Virus and the Whale: Exploring Evolution in Creatures Small and Large (http://www.cde.
ca.gov/ci/sc/cf/ch5.asp#link25). The assessment boundary of MS-LS3-1 highlights that
the understanding is conceptual and does not require understanding of DNA, but it is
reasonable to introduce genetic codes as specific sequences of letters or colors to help
students visualize how a mutation can change the genetic code.
Representing genetic codes as cookbook-style recipes is another useful analogy [SEP-2]
for modeling how proteins influence traits. How would students represent a genetic mutation
in this analogy? If a chef (the chef being an analog for proteins that do the “reading”)
misreads a recipe, the outcome will be different than intended. These mistakes can be
adding something extra, leaving something out, or substituting an ingredient. The outcomes
of such mistakes can be beneficial, neutral, or harmful (table 5.12). Random mistakes in
genetic “recipes” (i.e., mutations) result in an enormous amount of potential variation in
organismal traits. This potential has manifested in the great diversity of Earth’s web of life.
Table 5.12. Possible Results of a Mutation
A CHANGE IN THE SEQUENCE OF DNA LETTERS
Type of Mutation

Effect on Protein Folding

Effect on Protein Function

Neutral

No significant change

No significant change

Harmful

Protein can fold in a different way

Decrease in or loss of function

Beneficial

Protein can fold in a different way

Protein functions better or even
helps in a new way

Source: Dr. Art Sussman, courtesy of WestEd

Just like artificial selection parallels natural selection, humans have developed technology
to artificially introduce mutations. Students can return to their case study of corn and
maize and obtain information [SEP-8] about how seed manufacturers have genetically
modified some maize traits by inserting the Bt gene that produces a protein that can kill
harmful insects (Gewin 2003). The applications of this genetic science to societal challenges
such as the corn example are not “optional sidetracks,” but part of an explicit performance
expectation in the CA NGSS (MS-LS4-5).

Unity and Diversity of Life
An overview of Earth’s biodiversity reveals two very different but also complementary
features: unity of life and a diversity of species. With respect to unity, all of Earth’s species
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share essentially the same genetic code described in the previous section because of
common ancestry. In addition to the genetic code being the same, at the molecular level
even very different organisms such as humans, sunflowers, and fruit flies have very similar
molecules that perform vital life functions. Despite these fundamental similarities, there are
also key differences. The grade eight performance expectations focus on these differences
at the macroscopic rather than the molecular level.
With their new model of genetic mechanisms for mutation, students can now explain the
linkage between evolution and natural selection from a new light. Like the arthropods, students
can recognize patterns [CCC-1] in the structure of animal limbs that enable humans to
throw, bats and birds to fly, dolphins to swim, frogs to jump, and lizards to run (figure 5.52).
They can now explain [SEP-6] both the similarities and differences in terms of genetic
inheritance, mutations, and natural selection (MS-LS4-2). They can also use the similarities
to construct an argument [SEP-7] that these animals all share a common ancestor.
Figure 5.52. Comparing Limb Bone Structures in Different Animals

Anatomy reveals both the unity of basic bone structures and the diversity of organisms. Source:
Lawson 2007

There are of course differences in the relative and absolute sizes of each bone compared
across these very different organisms. The differences make sense because the structure
[CCC-6] of the bones relates to the function [CCC-6] of the arm. In an organism like

a bat that uses its front appendage for flight, longer, lighter bones are naturally selected.
Organisms that walk on four legs must have bones sturdy enough to support weight, while
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those that walk on two legs tend to have front arms that have been naturally selected for
lighter weight-bearing since they aren’t supporting the body.
Further evidence that supports the evolutionary relationship of these different organisms
comes from examining how structures develop in the embryo. For example, the limbs and
hands of bats and mice start off developing in the embryo nearly identically but differentiate
later during the embryo’s development (figure 5.53). Students should be able to analyze
pictorial data of embryos to identify patterns [CCC 1] in the development of these
organisms (MS-LS4-5).
Figure 5.53. View of Embryo Development in Bats and Mice

(Top Row, A-F): Bat; (Bottom Row, G-L): Mouse. Source: Cretekos et al. 2008, © Cold Spring
Harbor Laboratory Press

These and similar examples from anatomy (MS-LS4-2) and embryology (MS-LS4-3)
provide data that students can analyze [SEP-4] and use as evidence to construct evidencebased explanations [SEP-6] based on resemblances due to shared ancestry and differences
due to the effects of natural selection in different environments (MS-LS4-2) as well as
the role of mutation (MS-LS3-1). Students can explain [SEP-6] what caused [CCC-2]
related species to look slightly different, or can use slight differences to identify possible
relationships between species.
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Integrated Grade Eight Snapshot 5.9:
Simulating Mutant Hands
Anchoring phenomenon: People have hands. (How did they evolve?)

Darwin himself pointed to human hands and asked questions about how they
came to be, and researchers are starting to answer these questions using a
combination of fossil discoveries, embryological development, and artificial
gene editing.
Investigative phenomenon: A transitional fossil shows a fish with fins that look
more like limbs of a land-dwelling animal.

Ms. R’s students began by obtaining information [SEP-8] from a news story
documenting the work of scientists (Zimmer 2016). The scientists discovered a
370-million-year-old transitional fossil, Tiktaalik, a fish with fins that look more like the
limbs of land-dwelling animals. How did arms and hands evolve from fins (the supporting
rays of which are made from a completely different material than the rest of the fish’s
bones)? The article goes on to discuss how the same scientists used genetic experiments
on zebrafish and mice and how these helped scientists isolate the specific genes
responsible for our hands. The changes that allowed a few species of fish to make the
environmental transition from water to land opened up whole new possibilities for life, and
diversity exploded into the full range of limb functions we see today.
Investigative phenomenon: As specific genes are copied, moved, or deleted, an
organism’s body shape can change in specific ways.

To understand the evidence better, Ms. R’s students explored an interactive simulator
of a zebrafish. The computer screen provided students a control panel where they could
copy, move, or delete different segments of the genetic code of the zebrafish. They
could also insert special genetic code from a jellyfish to track the proteins built by each
gene. After students modified a gene, they watched as the zebrafish developed. Through
systematic investigation [SEP-3] , students isolated the effects of the individual genes.
They tried to recreate the Tiktaalik’s arm-like fins in the engineered zebrafish.
Using the information obtained from the reading and their model of limb genetics
from the simulator, students created a poster communicating [SEP-8] the evidence that
explains how human hands slowly evolved from fish fins. Their posters included evidence
from fossils (MS-LS4-2; ESS1.C), the embryological study (MS-LS4-3), and the genetic
manipulation (MS-LS3-1).
While students engineered zebrafish embryos in the computer, the real scientists used
modern technology to manipulate real living organisms. Ms. R helped lead a discussion
with her students about the ethics of this form of scientific investigation.
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Bringing the Unit Together
The similarity of organisms at molecular and macroscopic scales is best explained
[SEP-6] by the idea that life originated as single-celled organisms that progressively

became more complex as populations adapted to living in very different environments.
Students can mark this history of life in the calendar of Earth’s geologic time scale or the
classroom scale model that they developed at the beginning of the instructional segment
(table 5.11). The most prevalent and easy-to-find fossils come from animals that have hard
body parts, such as bones and shells. These types of fossils first appear around 540 million
years ago.
Students can focus on the evolutionary lineage of a local species of interest (such as
the San Joaquin kit fox, the humpback whale, the California long-tailed weasel, etc.) or just
about any other organism that captures their imagination. They can obtain information
[SEP-8] about common ancestry, adaptation, and selection and then present their findings

to the class.
Such a deep dive into the mechanisms and evidence for evolution will help students make
sense of the diversity observed in the fossil record and the plausibility of larger extinction
events as well as the subsequent diversification of life. Returning to the instructional
segment phenomenon of an unexplained mystery in the geologic record, students can recall
their comparison of fossilized foraminifera before and after the mysterious extinction event.
What traits did the animals have that survived the climate change following the impact?
Would these traits still have provided an advantage thousands of years after the catastrophe
when the environmental conditions had stabilized (or possibly returned to their pre-impact
conditions)? What factors explain the subsequent diversification of foraminifera (and other
species) in the millions of years following the impact? What happened to the traits and
genetic code for the organisms that became extinct?
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Integrated Grade Eight Instructional Segment 4:
Sustaining Local and Global Biodiversity
This instructional segment features a very important concept related to the
CA NGSS Earth and Space Science domain: Earth and Human Activity. Increases in human
population and in per-capita consumption of natural resources impact Earth’s systems
(MS-ESS3-4). In this instructional segment, students revisit life science concepts that they
explored in IS3: changes in environmental conditions alter populations of organisms and
can cause extinction (MS LS4 4 and MS-LS4-6). Fortunately, modern technologies, such as
using digitized signals to encode and transmit information (MS-PS4-3), can help us monitor,
understand and reduce these impacts.

INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 4:
SUSTAINING LOCAL AND GLOBAL BIODIVERSITY
Guiding Questions
• What are the characteristic properties and behaviors of waves?
• What human activities harm Earth’s biodiversity and what human activities help sustain local
and global biodiversity?
• How does communication technology encode information and how can digital technologies be
used to help sustain biodiversity?
Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS4-4. Construct an explanation based on evidence that describes how genetic variations
of traits in a population increase some individuals’ probability of surviving and reproducing
in a specific environment. [Clarification Statement: Emphasis is on using simple probability
statements and proportional reasoning to construct explanations.]
MS-LS4-6. Use mathematical representations to support explanations of how natural
selection may lead to increases and decreases of specific traits in populations over time.
[Clarification Statement: Emphasis is on using mathematical models, probability statements,
and proportional reasoning to support explanations of trends in changes to populations.]
MS-ESS1-1. Develop and use a model of the Earth-Sun-Moon system to describe the cyclic
patterns of lunar phases, eclipses of the Sun and Moon, and seasons. [Clarification Statement:
Examples of models can be physical, graphical, or conceptual.].
MS-ESS3-4. Construct an argument supported by evidence for how increases in human
population and per-capita consumption of natural resources impact Earth’s systems. [Clarification Statement: Examples of evidence include grade-appropriate databases on human populations and the rates of consumption of food and natural resources (such as freshwater, mineral,
and energy). Examples of impacts can include changes to the appearance, composition, and
structure of Earth’s systems as well as the rates at which they change. The consequences of
increases in human populations and consumption of natural resources are described by science,
but science does not make the decisions for the actions society takes.]
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INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 4:
SUSTAINING LOCAL AND GLOBAL BIODIVERSITY
MS-PS4-1. Use mathematical representations to describe a simple model for waves that
includes how the amplitude of a wave is related to the energy in a wave. [Clarification Statement: Emphasis is on describing waves with both qualitative and quantitative thinking.] [Assessment Boundary: Assessment does not include electromagnetic waves and is limited to
standard repeating waves.]
MS-PS4-2. Develop and use a model to describe that waves are reflected, absorbed, or
transmitted through various materials. [Clarification Statement: Emphasis is on both light and
mechanical waves. Examples of models could include drawings, simulations, and written descriptions.] [Assessment Boundary: Assessment is limited to qualitative applications pertaining
to light and mechanical waves.]
MS-PS4-3. Integrate qualitative scientific and technical information to support the claim that
digitized signals are a more reliable way to encode and transmit information than analog sign.
[Clarification Statement: Emphasis is on a basic understanding that waves can be used for
communication purposes. Examples could include using fiber optic cable to transmit light pulses, radio wave pulses in Wi-Fi devices, and conversion of stored binary patterns to make sound
or text on a computer screen.] [Assessment Boundary: Assessment does not include binary
counting. Assessment does not include the specific mechanism of any given device.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
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INTEGRATED GRADE EIGHT INSTRUCTIONAL SEGMENT 4:
SUSTAINING LOCAL AND GLOBAL BIODIVERSITY
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS4.B: Natural Selection

[CCC-1] Patterns

LS4.C: Adaptation

[CCC-2] Cause and Effect

[SEP-2] Developing and Using
Models

ESS1.A: The Universe and Its
Stars

[CCC-6] Structure and
Function

[SEP-4] Analyzing and
Interpreting Data

ESS1.B: Earth and the Solar
System

[CCC-7] Stability and
Change

[SEP-5] Using Mathematics
and Computational Thinking

ESS3.C: Human Impacts on
Earth Systems

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

PS4.A: Waves Properties

[SEP-7] Engaging in Argument
from Evidence
[SEP-8] Obtaining, Evaluating,
and Communicating
Information

PS4.B: Electromagnetic
Radiation
PS4.C: Information Technologies
and Instrumentation
ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: 6.RP.1, 3, 6.SP.5, 6.EE.6, 7.EE.3,4, 7.RP.2, 8.F.3, MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 9, WHST.6–8.1, 2, 9, SL.8.1, 4, 5
CA ELD Connections: ELD.PI.6.1, 5, 6a–b, 9, 10, 11a

Students begin by watching an animation of net primary productivity, a quantity related
to the amount of photosynthesis occurring at different locations around the world (NASA,
http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link26). Students can recognize the obvious cycles
of the seasons, but they can also notice the effects of deforestation, desertification, and
climate change. For this instructional segment, the anchoring phenomenon is that plants
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go through seasonal cycles where productivity peaks in the Northern Hemisphere around
July and the Southern Hemisphere around January. During the instructional segment,
students will explain the large seasonal signal and zoom in to design solutions for problems
causing some of the smaller scale changes. This video is remarkable not only because of
the Earth system interactions captured, but also in the technology involved in making the
observations. Net primary productivity is actually a measure of the amount of carbon dioxide
released into an area. How can scientists measure the concentration of a gas at every point
around the planet? The answer is that the carbon dioxide gas interacts with light in certain
ways that enable scientists to detect the amount of the gas in the air using a satellite with a
sophisticated camera.
Students obtain information [SEP-8] about the Moderate Resolution Imaging
Spectroradiometer (MODIS) on NASA’s Terra satellite and how it observes photosynthesis
across the entire planet each month while orbiting 700 km above the surface. The details of
the sensor and the frequency of light it uses are outside the assessment boundaries for the
middle grades, but one of the major reasons that DCI PS4 is so prominent in the CA NGSS
is that we want our students to understand how different wave-based technologies have
completely transformed the way we do science, communicate, and live. Before students can
explain the features in the anchoring phenomenon, they need to further develop their models
of wave properties and behavior. The vignette below uses scientific monitoring of a different
life science phenomena to introduce sound waves and other waves such as radio waves.

INTEGRATED GRADE EIGHT VIGNETTE 5.3: WAVES AS A TOOL IN BIOLOGY
Performance Expectations
Students who demonstrate understanding can do the following:
MS-ESS3-3. Apply scientific principles to design a method for monitoring and minimizing a
human impact on the environment.* [Clarification Statement: Examples of the design process
include examining human environmental impacts, assessing the kinds of solutions that are
feasible, and designing and evaluating solutions that could reduce that impact. Examples of
human impacts can include water usage (such as the withdrawal of water from streams and
aquifers or the construction of dams and levees), land usage (such as urban development,
agriculture, or the removal of wetlands), and pollution (such as of the air, water, or land).]
(revisited from grade six)
MS-PS4-1. Use mathematical representations to describe a simple model for waves that
includes how the amplitude of a wave is related to the energy in a wave. [Clarification
Statement: Emphasis is on describing waves with both qualitative and quantitative thinking.]
[Assessment Boundary: Assessment does not include electromagnetic waves and is limited to
standard repeating waves.]
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INTEGRATED GRADE EIGHT VIGNETTE 5.3: WAVES AS A TOOL IN BIOLOGY
MS-PS4-2. Develop and use a model of the Earth-Sun-Moon system to describe the cyclic
patterns of lunar phases, eclipses of the Sun and Moon, and seasons. [Clarification Statement:
Emphasis is on both light and mechanical waves. Examples of models could include drawings,
simulations, and written descriptions.] [Assessment Boundary: Assessment is limited to
qualitative applications pertaining to light and mechanical waves.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
*The performance expectations marked with an asterisk integrate traditional science content
with engineering through a practice or Disciplinary Core Idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

ESS3.C: Human Impacts on
Earth Systems

[CCC-1] Patterns

[SEP-2] Developing and Using
Models

PS4.A: Waves Properties

[SEP-5] Using Mathematics
and Computational Thinking

ETS1.A: Defining and Delimiting
Engineering Problems

[CCC-6] Structure and
Function

PS4.B: Electromagnetic Radiation

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: 7.SP.1-3, 8.SP.4
CA CCSS for ELA/Literacy Connections: ELD.PI.8.1, 2, 4, 6a–b, 9
CA ELD Connections: RI.8.2, RI.8.8, SL.8.1, 4, 6

Introduction
This vignette flows from IS3, in which students explored the evolutionary history of several
species. Sharks are one of the most ancient vertebrate species with approximately 400 million
years of history.
Mrs. G transitioned her students to the next unit on waves, being mindful that she wanted
to build in a strong nature of science connection to this part of the unit (Science is a Human
Endeavor: advances in technology influence the progress of science, and Science Addresses
Questions About the Natural and Material World: science knowledge can describe consequences
of actions but does not necessarily prescribe the decisions that society takes). She decided to
help her students see the application of understanding waves in answering some of the biggest
questions beach visitors, beach city leaders, and biologists are asking today about sharks: Why
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INTEGRATED GRADE EIGHT VIGNETTE 5.3: WAVES AS A TOOL IN BIOLOGY
are we seeing so many white sharks, Carcharodon carcharias, off the coast of California?
5E Lesson Design—This sequence is based on an iterative 5E model. See the “Instructional
Strategies” chapter for tips on implementing 5E lessons.
Day 1: Questioning Claims about Shark Encounters
Students read an article about a string of recent shark sightings and then shared their own
tales about sharks. They asked questions about how they could distinguish fact from fiction.
Day 2: Data with More Questions than Answers
Students tried to interpret a graph of the number of reported shark captures, but found
that many factors influenced the data set itself.
Day 3: Locating with Sound
Students watched a video about an autonomous underwater vehicle that tracks and films
sharks. They used models to reverse-engineer how the device locates the sharks using sound
waves.
Day 4: Obtaining Information about Tags
Students researched about how different types of electronic tags and receivers use wave
technology to collect and transmit information to scientists.
Days 5–6: Light and Sound
Students obtained information about light and sound and then planned an investigation to
explore the differences in how they travel through salt water.
Days 7–8: Interpreting Shark Data
Students explored new understandings from this technology.
Days 9–10: Applying Understanding to a Different Population
Students applied new understandings and predicted possible trends in shark populations
on the East Coast.
Days 11–12: Educating Different Audiences
Students considered the question, Now that we have better information on white sharks,
what type of information is important for the public to know? to probe thinking as to why
sharks are important and human actions that affect the population and created a public
service announcement to target a specific audience.
Day 1: Questioning Claims about Shark Encounters (Engage)
Everyday phenomenon: Sharks have been seen at California beaches recently.

To pique interest and provide all students with background on a real-world phenomenon,
students read a short article on recent shark sightings (Rocha 2015). Students excitedly
shared stories they have heard about white sharks, many of which were outlandish and
eventually led to rumors about sharks attacking or eating humans. Mrs. G simply solicited
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INTEGRATED GRADE EIGHT VIGNETTE 5.3: WAVES AS A TOOL IN BIOLOGY
information from the students and let the excitement in the room build. Mrs. G then began
to direct the conversation. After everyone agreed that sometimes people embellish stories
and some things may not be true, Mrs. G asked how students could distinguish accurate
information on sharks from the fantastical stories friends and families share. How could they
tell if there were more shark encounters this year than in the past? After several months in
Mrs. G’s class, they all called out, “We need data!”
In groups, students discussed how they could build an accurate record of information on
white sharks that had visited the coast in recent history (for the past 100 years). At the middle
grades level, students should be able to ask questions [SEP-1] that help them identify
evidence that can support an argument. Students struggled with this question once they
realized that Google didn’t exist 100 years ago. As she visited teams, Mrs. G asked students
to think if there was anyone who would have had consistent access to the coast and might
have documented information on sharks. Students continued to stumble, but came up with
ideas such as lifeguards or someone who lives at the beach—but they acknowledged that they
probably couldn’t see sharks very well from the shore.
In one team, Minh had a different idea. She often went to the pier to fish with her family
and sometimes caught small “sand sharks.” She explained that even her grandfather told
stories of catching sharks when he was a small boy in Vietnam. Mrs. G asked if Minh would
mind sharing with the class. As Minh began, José’s eyes lit up and he began frantically waving
his hand. He, too, went fishing with his uncle, who owned a sport fishing charter boat. His
uncle kept a log of what everyone caught. When the boat returned to the dock, they had
to report what they caught on the trip, and sometimes there was someone at the dock who
inspected their buckets. The class quickly began to realize that fisher logbooks might be a
good source of information.
Day 2: Data with More Questions than Answers (Explore)
Anchoring phenomenon: The number of shark sightings increased dramatically in
1980 and goes up and down over time.

Mrs. G provided students a graph with observations of reported shark catches over the last
100 years (figure 5.54). Once students had a chance to examine and discuss it with their team.
Mrs. G asked the class where the title was and students realize it was at the bottom. “Does
anyone have any idea what ‘temporal trends’ means?” she asked. One student suggested
temperature and several agreed. Mrs. G continued, “What if I told you the word came from a
Latin word, tempus?” Kim, a music student, replied, “Is that like tempo? We use that word in
music, it like, deals with time or something.” “Oh, good connection, Kim,” said Mrs. G. “It does
have to do with time, so here we are looking at temporal trends, or trends over time.” She
asked students to share what they think YOY, Juvenile, Subadult-adult, and Unk represented
on the graph. She asked students to discuss if they should focus on the height of each bar, or
the height of the overall total. “I would be afraid of a white shark no matter what age it is,”
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INTEGRATED GRADE EIGHT VIGNETTE 5.3: WAVES AS A TOOL IN BIOLOGY
offered José. Mrs. G emphasized that students need to focus in on the information in the data
that would help them answer their questions about whether or not sharks are becoming more
common along the California coastline and they could ignore the extra details for now.
Figure 5.54. White Shark Captures in Southern California from 1935–2009
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Mrs. G asked students to view the data through the lens of cause and effect [CCC 2] and
record questions in their science notebooks. Using protocols they established earlier in the
year, students in each team helped each other generate ideas. Students invited each other
to share an idea before any one person shared more than one idea, and they often invited
someone who is reluctant to share or to be the first one to speak. Mrs. G overheard Minh’s
group. Minh restated the question for Maria, an English language learner who was often
reluctant to speak, “Maria, what is your question about this?” Pointing to the data in the
figure, she said, “This is the effect. What was the cause?”
Students began working and charting questions: Why were there so few sharks reported
before 1980? Why do the numbers of sharks reported go down in the late 1990s through the
early 2000s? Why were there so many young sharks and so few adults? Students were then
asked to narrow down to one question, and consider possible causes or factors that could
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have led to that result. Mrs. G selected one group’s chart to share with the class because it
allowed her to focus on a key issue:
Question: Why were there so few sharks reported before 1980?
Possible causes:
• There weren’t very many white sharks.
• People didn’t fish as much.
• Fewer people lived in California so there weren’t as many fishermen.
• There wasn’t good fishing technology before 1980 so it was harder to catch
a white shark.
• There wasn’t someone to track information and computers were not
common before 1980.
• Some people caught white sharks to sell them.
• Once people learned about sharks they were scared and they wanted to kill
sharks.
Mrs. G asked students to look at this team’s list of possible causes and divide them into
two categories: inconsistency in the data set and an actual change in the number of sharks.
Both were possible, so students needed more information about their data set.
Students read an article Mrs. G adapted from a paper written by researchers at California
State University, Long Beach and the Monterey Bay Aquarium reviewing the history of white
sharks in California (Lowe et al. 2012). Each team was asked to read a part and then report
a key finding [SEP-8] on the class white board. From this, students commented on how
messy and confusing the data can be and how there was a lot of information they had to
take into account to make sense of it without misinterpreting it. For example, in some cases
it might have looked like the white shark population was increasing, yet at the same time the
population of humans living and playing at the coast increased, which could have resulted in
increased reports. They were shocked to learn that a movie had an impact on the data. The
release of the movie Jaws resulted in an increase in white shark reporting in the early 1980s,
as people set out to kill white sharks. Some of this increase was due to more sharks tangled
in commercial fishing nets as demand for human consumption and updated fishing technology
increased (EP&C II). Students acknowledged that relying on fishing data was helpful because
we could start to build some understanding, but it did not give them a very clear sense of
what is actually going on with respect to white shark behavior.
Day 3: Locating with Sound (Explain)
Investigative problem: Sharks are hard to track and identify.
Mrs. G asked, “Can you think of a way we might get some more reliable data? We can’t go
back in time, but we can collect better data in the future.”
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Students began sharing ideas and Victor suggested using drones to track sharks, and the
class erupted in laughter. Mrs. G smiled and said, “Victor is on to something! Drones work in
the air, and some lifeguards have tried using a drone rather than sending a lifeguard out on a
jet ski just to see where they are. Even with a drone, however, we can’t see the sharks if they
aren’t near the surface. Can you think of something that could work in the water?” Victor then
suggested an underwater robot.
Investigative phenomenon: An underwater robot can track sharks using sound
waves.

Mrs. G showed a short video clip about the Woods Hole Oceanographic Institution’s
robotic shark tracker (underwater autonomous vehicle), REMUS (Woods Hole Oceanographic
Institution 2014). Students recorded “aha moments” and questions in their notebooks as they
watched the video.
Mrs. G asked students what information about sharks they think REMUS could provide.
The excited students began listing things like sharks are awesome, sharks can bite hard, and
sharks don’t like the robot. Mrs. G asked students to turn their list of into specific questions
[SEP-1] about sharks that they could investigate. They returned to these questions on day 6.
Mrs. G returned to the original question of finding and tracking sharks. It is true that
sometimes the shark came to attack the robot, but most of the time the robot sought out the
sharks. The video briefly mentioned that the robot had a sensor for locating sharks based on
acoustic technology (sound waves). Students were surprised that sound can travel through
water, but Mrs. G challenged them to try it out next time they are in a swimming pool or
bathtub by submerging their head and then tapping on the wall with a metal spoon. Her
students complained that they want her to prove it right then, so Mrs. G filled up a tub of
water and clinked together two metal spoons in the middle of the tub so that students can put
their ear up against the wall of the tub to hear it. Mrs. G introduced the concept that “sound
waves are transmitted through water” to explain this phenomenon?
Mrs. G asked students to draw a model [SEP-2] on their white board of how they think that
the robot could use sound to locate the shark. Students were pretty confused, but Mrs. G helped
prompt students to think creatively. Different groups had different models, with some “listening”
for the shark with a microphone and others showing a sonar-style device. Mrs. G told students
that the devices could only detect sharks from a limited distance away and she had them use
their model to write an explanation in their notebook about why. She told them that their
explanation should use an energy diagram like the one they learned about earlier in the year.
Most students recognized that the sound waves are a form of energy and that this energy
must “die out.” In groups, students discussed how to represent “die out” in terms of energy
and decided that the energy must be absorbed by some other object (probably the water
molecules). What could they do to their system [CCC-4] to detect sharks from further away?
Mrs. G was trying to get students to consider the amplitude of the sound waves and how
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they relate to energy (MS-PS4-1). For a sonar system, for example, they could increase the
amplitude of the pulse they send out. Mrs. G asked students to add representations of the
sound waves to their diagram where they indicate how the amplitude changes at different
points along its path. What would be some challenges the robot would need to overcome
in order to send out higher amplitude waves? Students offered good ideas about possibly
disturbing the sharks or other marine wildlife with the loud noises, but she directed them
towards the idea that the robot would need to use more energy (higher amplitude = higher
energy) and would run out of batteries.
Mrs. G showed a quote from a Web page that says REMUS relies on an electronic device,
a “transmitter tag,” attached to the shark (but her quote provides no other details). Mrs. G
asked students what they think this tag does and had them modify their diagram to show a
tag transmitting a signal that the REMUS receives. Mrs. G reminded students how quickly cell
phones run out of charge when someone talks on them constantly and asked for students to
think about how they could extend the battery life on the tag even further. Mrs. G then shared
another quote from the REMUS Web page that described how the tags attached to the shark
did not send out a constant signal, but instead waited to receive a signal from the REMUS
robot. That way, they used much less energy in “standby” mode than they would transmitting
constant pulses. The sensor on the robot recorded how long it takes for the sound energy to
return after sending its initial pulse and from which direction the return pulse arrives in order
to determine the sharks distance and direction. The direction sensing worked a lot like the
two human ears spaced a short distance apart ( structure and function [CCC-6] ); the REMUS
robot referred to this distance as an “ultra-short baseline.” Mrs. G had students act out the
direction sensing process by making a physical model [SEP-2] with one student blindfolded
playing the part of the robot and another playing the part of the shark. When the robot claps,
the shark claps back.
Day 4: Obtaining Information about Tags (Explore)
Investigative phenomenon: Some tags use radio waves to transmit information.

Now that students knew that tags existed, Mrs. G told them that these devices attached
to a shark’s fin could actually record all sorts of information and send it back to scientists. She
asked them to record ideas in their notebook about what sort of data the tag could collect.
She partnered students who had mobile devices with those who didn’t to obtain information
[SEP-8] about what shark tags actually measured, and suggested they look up SPOT and PAT
tags as these were commonly used on white sharks. The students developed a list of things
the tags could measure such as temperature, depth, and light intensity. On one team, Trinh
wondered aloud how this would tell them anything about what was going on with the shark
and how they would get the information from the tag. Her teammate, Oscar, reading from his
phone, said, “The SPOT tags transmit using radio waves and so the shark would have to be at
the surface to transmit to a satellite. When it swam up to the surface, we would know where
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the shark was, but the PAT tags were designed to pop off and float to the surface.” Trinh
commented, “That’s strange, why does it have to transmit at the surface? Don’t waves travel
underwater?”
Days 5–6: Light and Sound (Explore/Explain)
Investigative phenomenon: You can hear the buzz of an electronic timer that is
under water, but a radio receiver cannot detect radio waves when it is submerged in
salt water.

Although her students had heard of radios before, the idea of thinking of these as
waves was new for them. They studied waves in grade four, but assessment was limited to
mechanical waves (4-PS4-1). For the rest of the period, Mrs. G gave the class time to dig
deeper into radio waves and sound waves and explore the phenomenon of what happens to
waves in water. She asked them to think of objects in the classroom that used radio waves
and those that used sound waves. A student thought of a radio and grabbed a small handheld AM/FM radio. One student questioned if radio was the same as sound. Acknowledging
this, Mrs. G asked him to think of something that had sound that wasn’t a radio. He grabbed
the class digital timer. Mrs. G had a large saltwater tank set up that had been donated to the
class, already filled with a saltwater solution she made that morning. She set out zip-top bags
and asked students to investigate [SEP-3] the differences between radio waves and sound
in water. As they worked, she asked them to record procedures, predictions of what would
happen when they submerged devices, and give a rationale for their thinking. After each
team confirmed that everyone had supported the predictions with rationale, students held the
devices in the center of the tank, surrounded by about a foot of water on all sides. To their
delight, they could no longer hear the radio after submerging, but could hear a faint buzzer of
the timer. Mrs. G had students document the differences in how radio waves and sound waves
traveled through salt water versus air by filling in a table in their science notebooks using the
terms absorbed and transmitted. Their investigations and this video (http://www.cde.ca.gov/
ci/sc/cf/ch5.asp#link27) helped give students ideas for revising the models they started on
day 3. Some of the students remembered from grade four that light is a wave and wondered if
it was absorbed or transmitted in the water.
After a laser safety reminder, Mrs. G encouraged students to shine a laser through the
saltwater tank. They didn’t notice anything unusual, but Mrs. G told them that there are some
important effects of light that shark taggers must consider. Mrs. G called students back to their
teams and showed the class a photo of a researcher on a boat trying to tag a shark in the
water. She asked them to consider the challenges the researcher had in this task. Students
commented that they would be afraid to be so close to a shark and it would be hard because
the boat is moving. Mrs. G hinted that there is one more challenge they might not have
thought of. She had a student from each group pick up a clear cup of water with a penny at the
bottom and bring it back to their table. She then passes out a straw to each team and instructs
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the students to stand directly over the cup and quickly thrust it in to spear the “shark” right
on Abraham Lincoln’s eye. The students were surprised that they all missed. Mrs. G asked
them to view the straw at eye level and Victor shouted, “It’s crooked!” Mrs. G confirmed his
observation and said, “What you are calling crooked, scientists call refraction.” Mrs. G then
had her students use the PhET simulation “Bending Light” (http://www.cde.ca.gov/ci/sc/cf/
ch5.asp#link28) and asked students to make a model in their notebooks of what happens
when light goes from air to air, from air to water, from air to glass. She then asked students to
make three separate models [SEP-2] in their notebooks that predict [CCC-2] what would
happen if light goes from air to an acrylic block, from air to a wood block, and from air to an
aluminum block. Once all of the students in a team had made their predictions, they got a
laser and set of blocks, tried it out, and updated their models in their notebook.
Bringing students back to the challenge of tagging a shark from the surface of a boat,
she passed out an index card to each team and asked them to compose a tweet to the
@CSULBSharkLab. She promised to really tweet the one in the class that best demonstrates
an understanding of how light’s behavior made it hard to tag sharks.
Days 7–8: Interpreting Shark Data (Explore/Explain)
Investigative phenomenon: White sharks spend lots of time near the shore where
fishing regulations prevent the use of entanglement nets.

What have scientists learned from tracking sharks? Is the shark population actually
increasing? How does this information help protect the sharks? Mrs. G designs a jigsaw activity
where teams divide up into groups of experts that obtain information [SEP-8] to answer one
the following four questions (with key highlights of what they might find in parentheses):
• As California has grown, has commercial fishing grown, too? (Fishing expanded

greatly in the 1970s but was so successful that many fish populations crashed,
leading to increased regulations. The commercial halibut catch in California in 2015
was less than half of what it was in the 1990s.)
• How do the commercial entangling nets work? (Large nets left out for as long as
several days entangle hundreds of fish at a time and sometimes catch white sharks
as well.)
• What laws govern commercial fishing? (In 1994, laws passed that prohibit entangling nets in the shallow water within three miles of the coast.)
• What happens to a white shark when it gets caught by a fishing net? (Some die
before the net is brought back to the boat and some get released back into the
water.)
Back in their home teams, expert students taught each other about their assigned topics.
Together, students made important connections to ideas that related to consumer demand and
certain fishing techniques impacting the food source of young great whites. Mrs. G then
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passed out copies of an article from a newspaper that described a study conducted by a
graduate student at the CSULB Shark Lab that looked at geo-positioning data from tagged
juvenile white sharks (Dulaney 2013). Mrs. G carefully selected figures from the source article
(Lyons et al. 2013) and had her students analyze and interpret [SEP-4] some of the original
tracking data. They found that young sharks spend a surprising amount of time swimming
in the shallow water where boats are prohibited from casting nets (within 3 miles of shore).
Students constructed an argument from this evidence [SEP-7] that the shark population was
increasing, and that the increase was a direct result of the laws that have created protected
“shark nurseries.”
The tracking data also allowed scientists to monitor the fate of sharks that were
accidentally caught and released (if the tracker kept going, the shark must have
survived). Interpreting the data [SEP-4] , students found that sharks had a high chance of
survival, and that sharks were more likely to die when nets were left out for longer periods
(like 1–2 days) than when the nets were pulled in after just a few hours. They would revisit
this finding on day 11.
Days 9–10: Applying Understanding to a Different Population (Elaborate)
Investigative phenomenon: Shark populations in Cape Cod have also changed in
recent decades.

Mrs. G told students that as newly minted shark experts, they had been hired to study
sharks in Cape Cod, Massachusetts, where there had been frequent sightings of great white
sharks in recent years. Were the same factors causing [CCC-2] a similar trend [CCC-1]
as in Southern California? What information would they want to know about the Cape Cod
population? Given information about abiotic factors of Cape Cod, could they predict details
about the Cape Cod population? Knowing more about the Cape Cod population, what type of
tracking device (including details about type of wave and why) would they design to best study
them ( planning an investigation [SEP-3] , engaging in argument from evidence [SEP-7] )?
Days 11–12: Educating Different Audiences (Evaluate)
On the final days of the lesson sequence, Mrs. G reminded her students that there were
many misunderstanding about sharks at the beginning of their studies. She posed a question,
“Now that we have better information on white sharks, what type of information is important
for the public to know?” Students in the class had a few moments to record their thinking in
their notebooks and the class discussed. Mrs. G asked the teams to think about what they had
learned and introduced them to their challenge: Create a public service announcement (PSA)
to help educate different audiences in the community. Students decided which audiences
would be important to target for this message, created a storyboard to organize their
message, and got to work. Groups targeted the fishing industry, lawmakers, and other beach
visitors. Mrs. G provided a rubric to help students focus as they worked and provided
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check-in opportunities where teams updated her on their progress and got feedback. The
students then proudly shared their PSAs at the school’s family science night later that month.

Vignette Debrief
The overall structure of this vignette used a real-world phenomenon in life science to
motivate a technological solution using principles of physical science. In the vignette as written,
students did not get to answer all the questions introduced by the anchoring phenomenon
because changing shark populations and behavior are more closely aligned with performance
expectations in grades six (MS-LS1-4) and seven (MS-LS2-1; MS-LS2-4). Teachers could easily
extend the lesson to interpret actual data from shark populations to resolve some of the initial
questions raised on days 1–2.
This vignette illustrates the CA NGSS vision of blending SEPs, DCIs, and CCCs. While the
lesson narrative describes this blend, the sections below focus on relevant aspects of each
dimension in isolation, along with ties to the CA CCSS and the EP&Cs.
SEPs. The students in the vignette engaged in many SEPs, thereby building a
comprehensive understanding of what it means to do science. The initial focus of the
vignette was to identify data that could help students answer a scientific question ( planning
investigations [SEP-3] ) and to select the appropriate technology for a device that can
provide that information (days 1–2 and 6–7). After learning about a puzzling phenomenon
about shark populations, students asked questions [SEP-1] on day 2 about the shark siting
data they had analyzed [SEP-4] and again on day 3 as they were motivated to learn about
sharks. On day 4, they developed models [SEP-2] of how the REMUS robot transmitted and
received information from the sharks. They conducted simple investigations [SEP-3] on
days 5–6 about light, sound, and radio waves in water. They ended with a communication
product [SEP-8] that presented both their model and their investigation plan in one authentic
public service announcement.
CCCs. The initial motivation for the sequence involved asking questions about stability
and change [CCC-7] on day 2 when students examined data about shark populations.
Students eventually used the tracking data to infer the cause [CCC-2] of these changes. In
addition to this scientific problem, the vignette focused a lot on understanding the science and
engineering aspects of the tracking devices, highlighting how technology facilitates scientific
observation as part of the Nature of Science CCC, Influence of Science, Engineering, and
Technology on Society and the Natural World . The vignette treated shark-tracking technology
as a system [CCC-4] and students traced out the flow of energy [CCC-5] (by sound and
radio waves) on days 3–4 when they explained how REMUS and other shark tags work. The
foundation box for MS-PS4-2 attributed structure and function [CCC-6] to MS-PS4-2 because
the structure of materials determined how they would interact with light and sound, though
this CCC was not a major theme emphasized throughout the vignette.
DCIs. Shark tags sent information via mechanical (sound) or electromagnetic waves (light
and radio), introducing students to basic wave properties (PS4.A). These waves interacted with
objects and the media through which they travel, being transmitted, absorbed, or reflected
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(PS4.B). On day 3, students explored the tag transmissions in terms of energy. They identified
that higher amplitude waves contain more energy (PS4.A; MS-PS4-1) by discussing how higher
amplitude signals would drain batteries more quickly because they require more energy. Students
also represented how amplitude decreases with distance as the water absorbs some energy.
In helping students develop models of wave behavior, this vignette went beyond the
assessment boundary of MS-PS4-2. That performance expectation stated that wave behavior
will only be addressed for light and mechanical waves—introducing the electromagnetic
spectrum was beyond the middle grades level. Mrs. G decided that this phenomenon was
compelling and included many important aspects of the Evidence Statement for MS-PS4-2.
In days 5–6 when students explored sound and light waves, Mrs. G specifically avoided
the discussion of the electromagnetic spectrum because the details are complex and more
appropriate for high school.
Physical science DCIs about waves are strongly tied to specific life science questions about
shark behavior. Shark tags provided data about shark behaviors that increase their odds of
survival and reproduction such as migration over large areas, giving birth in warmer waters
that influence growth rate, predatory strategies of hiding and attacking, and cooperative
hunting (LS1.B Growth and Development of Organisms). In Integrated Grade Six, students
constructed arguments about how such behaviors help animals survive (MS-LS1-4), and this
vignette focused on planning an investigation [SEP-3] using shark tags that would provide
evidence for such arguments.
By confronting the environmental impact of fishing on shark populations through
monitoring (tags) and mitigation (public service announcement), students achieve MS ESS32 (revisited from grade six) and gain a better idea of human impacts on the Earth system.
This vignette’s focus on the biosphere is outside the recommendations and intent of the
clarification statement that focus on the physical aspects of Earth systems, but this application
of the Earth and space science principles to a life science realm is an excellent way to revisit
this grade six performance expectation and the human impacts of ESS3.C.
On days 9–10, students performed some engineering design thinking where they had
to select the appropriate technology (radio or sound waves) that best met the criteria for
investigating the Cape Cod sharks (ETS1.B). In this case, students defined these criteria
based on whether or not the device could transmit measurements that supported the scientific
investigation (ETS1.A).
EP&Cs. Humans influence shark populations directly through fishing and indirectly through
pollution, climate change, and alterations to marine habitat (EP&C II). Students discussed
the effects of fishing on shark populations from days 7–8, and then reconsidered specific
actions that could minimize human impacts on days 11–12 when they created their final
communications product.
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
lesson sequence, students read informational articles to obtain information about shark
populations (RI.8.2,8). They analyzed data to infer possible causes of the rise and fall of shark
populations in Southern California at various points in time (7.SP.1-3). Students engaged in
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structured discourse with teams, including the jigsaw activity on days 6–7 (SL.8.1). Students
also crafted a persuasive public service announcement targeting a specific audience based on
robust evidence (SL.8.4, 6).
Reference:
Developed by Jill Grace.
Resources:
Dulaney, Josh. 2013. “CSULB Shark Lab Study: Young Great Whites Surviving Fishing Nets.”
Long Beach Press Telegram. http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link29.
Lowe, Christopher G., Mary E. Blasius, Erica T. Jarvis, Tom J. Mason, Gwen D. Goodmanlowe,
and John B. O’Sullivan. 2012. “Historic Fishery Interactions with White Sharks in the
Southern California Bight.” In Global Perspectives on the Biology and Life History of the
White Shark, by Michael L. Domeier. Boca Raton, FL: CRC Press, 169–185.
Lyons, Kady, Erica T. Jarvis, Salvador J. Jorgensen, Kevin Weng, John O’Sullivan, Chuck Winkler,
and Christopher G. Lowe. 2013. “The Degree and Result of Gillnet Fishery Interactions
with Juvenile White Sharks in Southern California Assessed by Fishery-Independent and –
Dependent Methods.” Fisheries Research 147 (October 2013): 370–380.
Rocha, Veronica. 2015. “13 Young Great White Sharks Spotted off Huntington Beach.” Los
Angeles Times. http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link30
Woods Hole Oceanographic Institution. 2014. “REMUS SharkCam: The Hunter and the Hunted.”
Posted at Vimeo, http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link31

Water Waves
Over the course of this instructional segment, modeling activities should begin with
mechanical waves propagating in a matter medium that is visible (such as water waves),
then waves that propagate through a matter medium that is invisible (such as sound
waves moving through air), and finally wave models of light. Investigations [SEP-3] with
real-world objects can be complemented with technology. Computer or smartphone apps
provide interactive simulations of simple waves (see http://www.cde.ca.gov/ci/sc/cf/ch5.
asp#link32), ripple tanks (Falstad n.d.) or even display the waveforms of sound recorded
by microphones so that students can use their personal technology as an oscilloscope to
visualize waveforms of noises in the room.
Students investigate [SEP-3] a variety of waves they can generate and observe in a
flat-bottomed water container (ripple tank). Students observe and discuss general wave
properties that they observe including absorption, reflection, transmission of one wave
through another, and even make observations that prepare them for the high school
understanding of waves by observing how the simultaneous production of multiple waves
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produces complex waveforms. Placing floating objects at the surface and drops of colored
dye below the surface allows students to track the motion of particles within the tank. These
observations of phenomena should provoke students to ask questions [SEP-1] about
wave behaviors. Each group of students could use a digital camera to create a short video
clip of a surprising or exciting observation that they would like to understand further. These
questions can form the organizing structure [CCC-6] for the instructional segment, and
teachers can revisit these questions and the emerging explanations.
Waves are part of many different physical processes, but they all share some common
aspects related to shape, direction of motion, and how the motion changes over time. By
generating simple waves on a stretched rope or spring, students should be able to describe
some of these features of waves. Discussions within and among groups can help elicit
common observations about the height, speed, and spacing of waves. Similar features
were probably observed in ripple-tank investigations. Student teams can then develop a
model [SEP-2] of a typical wave and compare the ones they developed with the standard

diagrammatic representation of wave shape as a regularly spaced series of peaks and
valleys (figure 5.55). Students compare terms they used with the vocabulary that is
commonly used to describe the shape of a wave and how it changes over time.
Figure 5.55. Model of a Typical Wave
Wavelength (m)

Frequency (1/s)

Amplitude (m)

Speed (m/s)

Some properties that distinguish waves from each other include wavelength, amplitude, frequency,
and speed of wave movement. Diagram by M. d’Alessio.

Having become familiar with the properties of waves and having developed ways to
represent and describe travelling waves, students are ready to think about and to model
waves and/or wave pulses as carriers of energy [CCC-5] . They can readily recognize
that a wave or wave pulse of water in the open ocean transmits energy (in the form of
motion of the medium): they can see the motion of the water up and down by observing
a boat bobbing at the surface (motion = kinetic energy). They can also see that more of
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this up-and-down motion results from a higher amplitude, thus qualitatively connecting
the growth in amplitude of the wave to an increase in the energy it transmits (MS-PS4-1).
Students can quantify this representation by dropping different size objects into a tank and
measuring the height of waves generated (perhaps with the aid of digital photography to
allow more precise measurements of the fast-moving waves).
Students’ models [SEP-2] of wave motion, amplitude, and energy [CCC-5] can help
them explain [SEP-6] why waves break at the beach (enabling California’s famous surfing
and other beach play). Surfers know that the water in a breaking wave is moving toward the
beach (which pushes their surfboard forward), but that out beyond the breakers, the water
is not moving toward the beach! Surfers wait beyond the breakers and bob up and down
until a good wave arrives, and then they paddle forward into the location where waves
begin to break. When the water gets shallow enough, there is not enough room for the
wave to move up and down over its full amplitude, and it begins to interact with the sand
below. The wave can no longer have all its kinetic energy continue as up-and-down motion,
and some of the energy gets transferred into forward motion that begins to “tip the wave
over” and cause it to “break.”
Students can investigate [SEP-3] this phenomenon in a ripple tank by introducing a
sloping bottom spanning about a third of the tank length and creating waves by moving
a flat object up and down at the other end of the tank. They can observe the relationship
between the locations where the sloped bottom begins and where waves begin to break,
and vary the slope angle to measure its effect on the waves. These discussions and
investigations are necessary since most students need help understanding that the wave
movement transfers the wave energy, but the medium of the wave (in this case, water)
can move in a different direction than the energy flow. In a water wave, the water moves
up and down perpendicular to the energy flow. Students can gather evidence [SEP-7] to
show that the medium doesn’t move far by watching floating corks bob up and down as
waves travel across the ripple tank. Students may cite evidence of objects washing ashore
at the beach that contradicts this statement. These objects are evidence of other processes
such as ocean currents and waves breaking (it turns out that what we call waves at the
beach do not meet the standard physical science definition of a wave—they are more
complex because they interact with the seafloor and beach itself).

Sound Waves
Sound waves introduce a different kind of wave that students can investigate [SEP-3] .
While water waves are easily recognizable as waves, students need evidence to believe that
sound transfers energy as a wave. Since students’ models of waves include motion, they may
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wonder what is moving in the sound wave. Students can readily feel the movement as sound
passes through a solid. Students can also observe the driving energy of sound by using slowmotion video clips to observe the vibrations of speakers or by simply placing paper scraps on
top of a large speaker. Students can use these observations to develop a model [SEP-2] of
sound traveling as the back-and-forth motion within a solid material (figure 5.56). Students
can then readily generalize this model [SEP-2] to explain [SEP-6] how sound travels
through a gas, where the movement of air must be happening but cannot be seen.
Figure 5.56. Model of a Sound Wave in Air

Two representations of how sound travels as a wave in air. Source: Pluke 2012

We can think of sound as a traveling wave of pressure differences in the air. The
black dots in figure 5.56 represent air molecules packed together very tightly or less
tightly. Because of [CCC-2] the vibrations in the speaker, the air varies in density in a
wave-like pattern [CCC-1] . The dots and the wave-line provide two complementary ways
to model [SEP-2] the fluctuations in the density of the air molecules. This wave pattern of
density fluctuations of air molecules causes vibrations within the ear that result in [CCC-2]
our conscious perception of sound (Integrated Grade Six MS-LS1-8). Note that the air
molecules do not travel from the source of the sound to the ear.
Students can compare similarities and differences between water waves and sound
waves. They should be able to communicate [SEP-8] using words or diagrams that both
of these wave patterns transfer energy through a medium across a distance, and that the
individual particles move only a very small distance. In both cases, waves reflect or are
absorbed at various surfaces or interfaces, and two waves can pass through one another and
emerge undisturbed. In the case of a water wave, the particles move perpendicular to the
wave direction. In the case of a sound wave, the particles move parallel to the wave direction.
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A surprising phenomenon related to the transmission of energy [CCC-5] by sound
waves is the event in which a singer is able to break a glass using the sound of his/her
voice. In order to explain [SEP-6] how the glass breaks, students will model [SEP-2]
the transformation of energy and its propagation as a wave through the air to the glass.
First, they will include the vibration of the vocal cords and how that vibration is transferred
to the molecules of air. Then, they will model how that vibration travels through space
by compression and expansion of air molecule density that reaches the glass. Finally, the
students’ models will represent the transfer of energy from the vibrating air molecules to the
molecules in the glass.

Light Waves
The idea that light is also a wave phenomenon can best be developed by the fact that
it shows all the behaviors of waves (reflection, absorption, transmission through a medium
such as glass, and carrying energy [CCC-5] from place to place; MS-PS4-2). The obvious
question, What is the moving medium in a wave pattern for light? is difficult to answer at this
grade level. In light, the “movement” is actually the changing pattern of electric and magnetic
fields travelling across space or through some forms of matter. Students know that these
fields are related to energy after their investigations in IS2, but the assessment boundaries
for the middle grades MS-PS4-1 and MS-PS4-2 explicitly state that electromagnetic radiation
(including a discussion of the electromagnetic spectrum) is not assessed in the middle grades.
For grade eight students, visible light serves as a familiar form of energy and an example of
how electromagnetic radiation can transfer energy very quickly across huge distances.
Light travels in straight lines, until it encounters an object where its energy can
be absorbed, reflected back, or be transmitted through the material. Students can
perform investigations [SEP-3] to compare the different effect of mirrors and different
color paper on the path of light. Students can draw diagrams to model [SEP-2] each
situation, tracing the path of light and how energy [CCC-5] is transferred to different
objects based upon the interaction between the light and the materials (MS PS4 2). In
fourth grade, students already began developing a model of how light allows objects to
be seen (4-PS4-2), and teachers should connect to that earlier learning experience to
emphasize that reflection is crucial because we only see objects after they reflect light back
to our eyes. Eyes perceive waves with different frequencies as different colors, and each
wave’s amplitude is observed as light’s brightness.
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Opportunities for ELA/ELD Connections
During the instructional segment, have students develop a sequenced set of illustrations
with accompanying content vocabulary to convey their understanding of waves.
Students can use concept maps, word webs, or graphic organizers (e.g., Frayer
Model) to identify corresponding types, examples and nonexamples, definitions,
illustrations of a concept, or essential (or nonessential) characteristics. These
strategies help all learners develop effective vocabulary-learning strategies as they
acquire content knowledge.
CA CCSS for ELA/Literacy Standards: RST.6–8.4; L.6–8.4
CA ELD Standards: ELD.PI.6–8.6

A Model of Seasons
Knowing that light is energy that travels in straight lines, students can develop a model
[SEP-2] of how differences in the distribution of energy flow [CCC-5] cause seasons.

Students combine models of Earth’s climate from grade six with models of the Earth-Sun
system from IS1. We know that Earth is tilted a fixed amount of 23.5° relative to the plane
of its orbit (figure 5.57) because one star in the sky barely ever moves as the Earth rotates
each night—the North Star. Students will hopefully ask, Why is Earth’s rotation axis tilted?
and teachers can turn this around and tell them to ask more specific questions [SEP-1]
through the lens of individual CCCs: What could cause [CCC-2] the Earth to tilt (impact,
gravitational attraction, etc.)? Do other planets exhibit a similar tilt establishing a solarsystem wide pattern [CCC-1] ? Is the tilt stable, or does it change [CCC-7] —and does the
timing of this change give clues to the cause of the tilt in the first place?
Figure 5.57. Earth–Sun System Scale

Sun

Earth

(too small to see at this scale)

A scale illustration of the Earth–Sun system (top). The Sun is 5 pixels wide and the Earth is 1075 pixels
away, but is only 0.05 pixels wide, which is too small to display. At this scale, it is easier to recognize
that rays of sunlight arrive at Earth as parallel rays at all latitudes (bottom). Diagram by M. d’Alessio.
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Students can make these connections using a physical model where their own body
represents the motion of the planet (Space Science Institute, Kinesthetic Astronomy at
http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link33). They tilt their bodies toward or away from
the Sun at the same 23.5° tilt as the Earth and move around Earth’s orbit, making sure that
their tilt axes always point towards the North Star. As they move from one side of the Sun
to the other, they see how the angle of the Sun’s rays changes [CCC-7] in the different
hemispheres: in the northern hemisphere summer, the tilt brings the angle of the Sun’s
rays closer to 90° while it makes the angle smaller in the Southern Hemisphere. Computer
simulations allow students another way to visualize these changes (NOAA, Seasons and
Ecliptic Simulator, http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link34).
Learning a scientifically accurate model for the seasons is often impeded by students’
incoming preconceptions (documented vividly in the short documentary Private Universe,
Harvard-Smithsonian Center for Astrophysics, at http://www.cde.ca.gov/ci/sc/cf/ch5.
asp#link35 and in review articles at http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link36). Most
notably, students often incorrectly believe that the Earth is closer to the Sun in summer
and farther in winter. In this example course sequence, seasons are deliberately placed
in a separate instructional segment from the discussion of orbits in order to increase the
association between seasons and Sun angle instead of reinforcing an incorrect connection
between seasons and orbital distance. Nonetheless, many students will still harbor this
preconception and it must be addressed. Interactive 3-D simulations have been shown
to help students confront this preconception.2 In these virtual worlds, students view the
Sun–Moon–Earth system [CCC-4] from various viewpoints and control different aspects,
including rotation and revolution rates, and inclination of Earth’s spin axis. The story of
seasons is mostly a story of light and energy absorption. Emphasis should be placed on
the intensity and duration that sunlight shines on a particular patch of Earth’s surface.
Because Earth’s tilt causes the Sun to appear to travel across the sky along a different path
during summer versus winter, the Sun shines for more hours during the day (causing longer
duration sunlight) and from higher angles in the sky (causing more sunlight to appear more
intense in a given patch of the surface). Together, these give rise to warmer summers and
cooler winters.
Students return to the anchoring phenomenon and explain [SEP-6] the dramatic
seasonal shifts in primary productivity in the two hemispheres during a year. By using simple

2. Something similar to this simulation is located here: http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link88, but it is described in
Bakas and Mikropoulos 2003.
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computer applets, they can determine the total amount of solar energy per square meter
that different cities receive during each month of the year. They use these quantitative
[CCC-3] data as evidence to support their explanation [SEP-6] of why the primary

productivity remains high year round near the equator. They continue to ask questions
[SEP-1] about some of the specific features they observe in the movie, many of which

remain unanswered but could inspire further investigation in the capstone project at the end
of the instructional segment.

Integrated Grade Eight Snapshot 5.10:
School Solar Energy Project
Anchoring phenomenon: How much energy will solar panels on our school
rooftop provide?

Mr. S invited a rooftop solar panel installer to visit his classes. In the days
before their visit, the students prepared a list of questions [SEP-1] about
the factors that affect the amount of energy the panels can generate. When
they arrived, they gave a short presentation about solar energy and then
went onto the roof to make measurements. The installer emphasized the importance
of the angle of the Sun and that buildings with a flat roof like the school need a special
platform that tilts the solar panels towards the Sun. A few days later, the solar installer
sent the results from computer calculations to Mr. S with graphs of the amount of energy
the panels would collect at different times during the year based on the position of the
Sun and nearby trees that shade the panels (EP&C III). Students drew models [SEP-2]
of light traveling in straight lines from the Sun to the rooftop (PS4.B), indicating how trees
would absorb the solar energy when the Sun is in some positions but not in others based
on its predictable movement throughout the day and year (ESS1.A). In essence, students
were repeating the investigations of shadows from grade one (1-ESS1-1) with a more
sophisticated level of understanding.
Investigative phenomenon: Solar panels produce different amounts of energy
at different times of year.

The class worked to interpret [SEP-4] the graphs so that they could explain [SEP-6]
the systematic variations during the year (ESS1.A) using their models [SEP-2] of the
Earth–Sun system (MS-ESS1-1) and the paths of light (PS4.B) from the Sun to the Earth
(MS-PS4-2). They drew models [SEP-2] that illustrated how the angle of the Sun’s rays
affects the amount of energy converted to electricity much like this angle affects Earth’s
temperature throughout the seasons and at different latitudes (MS-ESS2-6). Their models
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also showed how trees absorb light energy when the Sun is in some positions but not
in others based on its predictable movement throughout the day and year. In essence,
students were repeating their investigations of shadows from grade one (1 PS4-3; 1-ESS1-1)
with a more sophisticated level of understanding.
Mr. S had arranged for the students to present the information to the local school
board that makes decisions about how money is spent (EP&C V). Different groups set to
work on an executive summary, a presentation, and a poster that communicated [SEP-8]
the report’s findings. Through a peer review and feedback process, the class revised
each product and selected a team of students to make the formal presentation. The
school board voted unanimously to allocate funds to install solar panels and the students
tracked the installation progress. The following year, the students analyzed the actual
energy production from their panels from day to day and month to month to recognize
the patterns [CCC-1] in solar energy input.

Waves Can Encode and Transmit Information
How exactly does the MODIS satellite detect the amount of CO2 in the air and transmit
this information back to Earth? After having researched water waves, sound, light and
electromagnetic radiation (EM), students can be challenged to summarize the characteristics
of each of these with respect to wavelength/frequency, amplitude, and wave speed.
The students work in groups, share their drafts across groups, critique each other based
on evidence, and compare finished drafts with respect to advantages and disadvantages.
Table 5.13 illustrates one kind of summary.
Table 5.13. Characteristics of Waves
TYPE OF WAVE

WAVELENGTH/FREQUENCY
ASSOCIATED WITH

AMPLITUDE ASSOCIATED
WITH

Water wave

Physical distance between top of
water waves

Height of the physical wave

Sound wave

Pitch of the sound

Loudness of the sound the sound

Light wave

Color of the light

Brightness of the light

All EM waves

Type of EM wave (x-ray, UV, light,
IR, microwave)

Intensity of that EM wave

Table by Dr. Art Sussman, courtesy of WestEd.

A different summary might highlight other features of waves: (1) waves are repeating
quantities; (2) waves interact with materials by being transmitted, absorbed, or reflected;
(3) waves can transfer energy [CCC-5] over long distances without long-distance
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movement of matter; and (4) waves can be used to encode and transmit information.
Once students recognize that light and sound are waves, they can communicate [SEP-8]
that even in the absence of modern technologies, each of us is constantly interacting with
invisible waves of energy. All the information and experiences that we get through sight or
hearing come to us as waves that our senses and nervous systems enable us to detect and
experience. A string-and-tin-can “telephone” or a stringed instrument can provide a quick
and very direct experience that waves can communicate information.
Students can research and report on how early technological devices captured sounds,
images, and other information in mechanical ways. For example, an early clock had an inside
pendulum whose movements resulted in the hour and minute hands that moved around on the
face of the clock. Thomas Edison captured words and music by using a needle to convert the
waves of air vibrations into bumps and valleys that he engraved into wax or tin. Then a needle
on a sound player could respond to the engraved bumps and valleys, and create vibrations that
he amplified back into the original sound. Photographers reproduced images by capturing and
focusing light on material embedded with chemicals that reacted to the presence of light.
Students can compare the advantages and disadvantages of the earliest mechanisms of
transmitting information to the beginning ages of radio to today’s wireless cell phones and
tablets. Historical examples of encoded information in wave pulses (e.g., drum or smoke
signals, the invention of Morse code and early telegraph systems) can be helpful to develop
both the idea of information in a waveform and the idea of encoding information. Finding
out about and understanding the difference between AM and FM radio signals may serve
as an activity. Students should be able to model [SEP-2] the conversions starting with the
vocal chords of a singer in a studio to sound waves to electromagnetic radio waves being
transmitted through antennas or wires to a radio device that converts those electromagnetic
waves back to vibrations in a mechanical speaker eventually resulting in people hearing the
song in the comfort of their home.
Today’s advanced technologies such as cell phones and tablets use digital means to
encode and transmit sound and images. Students are probably aware that pictures they see
on a screen are encoded in pixels. Each pixel is a very tiny colored dot that is so close to its
neighbors that the viewer sees what looks like a sharp, perfectly smooth image. A typical
medium-quality photo on a screen may consist of 400 vertical rows of pixels, and each row
may have 300 pixels located horizontally next to each other (a total of 120,000 pixels).
Figure 5.58 shows a wave line that corresponds to the color of 300 pixels in one
horizontal line of a photo. The height of that line at any point specifies the color intensity
at a point along the line. The horizontal position specifies where that point is horizontally
located on the line. The rectangular boxes sample the average value of the color at
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13 different locations, and summarize the color at each of those 13 locations as a number.
Specifying the color of only 16 pixels along a horizontal line would result in a very fuzzy
image. For a medium-quality photo image, the wave would be averaged at 300 different
locations to obtain 300 numbers that specify the color of each pixel on that horizontal line.
That process would be repeated vertically 400 times to have a specific color designation for
each of the 120,000 pixels that make up a beautiful screen image.
Figure 5.58. Digitizing a Screen Picture
“True
color”

Color
Intensity

Location along One Horizontal Line of Pixels
Digital
Sampling

The features of an electromagnetic wave can be converted into numbers that change over a spatial
location. These numbers can then be converted into computer-friendly digital formats so a very
clear image can be displayed on a screen. Diagram by M. d’Alessio and A. Sussman.

When an image or a sound has been entirely represented by numbers, we say that it has
been digitized. Computers store data as a sequence of zeros and ones. The zeros and ones
are called digits, which is why the files of information are called digital files. These digital
files can hold an incredible amount of information in a very small space. For example, one
tablet can store in its memory a large number of books, audio CDs, and even movie files. In
addition, each of these digital files can be copied, edited (changed), and transmitted.
Digital technologies enable people today to obtain and manipulate information in
previously unimaginable ways. Students should be able to evaluate the claim [SEP-7]
that digitized signals offer significant advantages with respect to encoding and transmitting
information (MS-PS4-3). In the vignette that concludes the middle grades progression,
student groups engage with a design challenge focused on sustaining Earth’s systems
in which they use and evaluate information [SEP-8] at least one digital technology in
researching their challenge and designing their solution [SEP-6] .
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Performance Expectations
Students who demonstrate understanding can do the following:
MS-LS4-4. Construct an explanation based on evidence that describes how genetic variations
of traits in a population increase some individuals’ probability of surviving and reproducing
in a specific environment. [Clarification Statement: Emphasis is on using simple probability
statements and proportional reasoning to construct explanations.]
MS-ESS3-4. Construct an argument supported by evidence for how increases in human
population and per-capita consumption of natural resources impact Earth’s systems. [Clarification Statement: Examples of evidence include grade-appropriate databases on human populations and the rates of consumption of food and natural resources (such as freshwater, mineral,
and energy). Examples of impacts can include changes to the appearance, composition, and
structure of Earth’s systems as well as the rates at which they change. The consequences of
increases in human populations and consumption of natural resources are described by science,
but science does not make the decisions for the actions society takes.] (Revisited from grade
six)
MS-PS4-3. Integrate qualitative scientific and technical information to support the claim
that digitized signals are a more reliable way to encode and transmit information than analog
signals. [Clarification Statement: Emphasis is on a basic understanding that waves can be used
for communication purposes. Examples could include using fiber optic cable to transmit light
pulses, radio wave pulses in Wi-Fi devices, and conversion of stored binary patterns to make
sound or text on a computer screen.] [Assessment Boundary: Assessment does not include
binary counting. Assessment does not include the specific mechanism of any given device.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
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Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

LS4.B: Natural Selection

[CCC-1] Patterns

ESS3.C: Human Impacts on
Earth Systems

[CCC-2] Cause and Effect

[SEP-7] Engaging in
Argument from Evidence

PS4.C: Information
Technologies and
Instrumentation

[SEP-8] Obtaining, Evaluating,
and Communicating
Information

ETS1.A: Defining and
Delimiting Engineering
Problems

Chapter 5

[CCC-6] Structure and
Function
[CCC-7] Stability and
Change
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Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit
from and can alter.
Principle IV The exchange of matter between natural systems and human societies affects
the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: 8.SP.2, 4
CA CCSS for ELA/Literacy Connections: RST.6–8.1, 2, 7, 9; RI.8.3; SL.8.1, 4, 6; WHST.6–
8.2, 7-9
CA ELD Connections: ELD.PI.6–8.1, 9
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Introduction
By the end of grade eight, students can approach new phenomena, recognize how different parts of the Earth system are interacting in the situation, draw on DCIs from all disciplines
of science and engineering to explain the mechanisms driving these interactions, and design
solutions to problems that they identify and constrain. This capstone project puts them to work
at using all their understanding from grades K–8.
Day 1: Analyzing Per-Capita Consumption
Students calculate per-capita consumption of different countries, develop and critique
different ways of communicating these data, and ask questions about trends they see.
Day 2: Introducing Capstone Projects
Ms. D provides the background about the capstone project and students read and discuss
five environmental case studies.
Day 3: Focus on Solutions
Students read about five case studies of communities that have developed solutions to
environmental problems. Students brainstorm ideas for their capstone projects.
Days 4–8: Collaborative Work Sessions
Teams work collaboratively and the teacher helps focus and guide students.
Day 9: Project Presentations
Students prepare final presentations for a school science night.
Day 10: Synthesis
Students from different project groups combine together to identify common elements in
the projects and identify how the projects relate to the EP&Cs.
Day 1: Analyzing Per-Capita Consumption
Anchoring phenomenon: Different countries consume radically different amounts of
energy per capita.

How many people live on planet Earth? Where in the world do they live? Ms. D facilitated
the discussions and appropriately guided them towards information about specific countries
(e.g., the United States, China, Mexico) and also about parts of the world (e.g., Africa, Pacific
Islands, Europe). She charted their comments, and then asked students if they had any ideas
about which areas consumed the most resources and why. After a while, students concluded
that for each country or continental area, they should probably get quantitative [CCC-3] data
about total consumption and per-capita consumption.
Ms. D provided each group of students with information about world populations (available
at Data from the Population Reference Bureau report accessed at http://www.cde.ca.gov/ci/sc/
cf/ch5.asp#link37) and about consumption of natural resources in the year 2013. In both
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cases, the datasets included information at the country level (e.g., Brazil) and at a regional
level (e.g., South America). The consumption data were reported as the number of millions
of metric tons of carbon dioxide emitted from the consumption of energy resources (see
Data from the U.S. Energy Information Administration accessed at http://www.cde.ca.gov/
ci/sc/cf/ch5.asp#link38). Because the total amount of data from the sources was somewhat
overwhelming and also not 100 percent consistent with respect to country/region designations,
Ms. D had compiled the data to cover seven distinct regions, and had highlighted within each
region significant representative countries.
Student groups analyzed the data [SEP-4] that Ms. D had provided, calculated [SEP-5]
per-capita consumption as the ratio of the emissions and population, and then developed a
poster to communicate [SEP-8] the differences to their classmates. Some student groups
chose color-coding maps to compare per-capita consumption. Other groups superimposed
on global maps pictorial ways to represent total consumption by a country or region. This
representation helped them compare geographic size with consumption total. A less visually
oriented group created a summary table (table 5.14).
Table 5.14. Per-Capita Consumption

Region,
[An example
country]

Population in 2013
(number of people)

Total CO2 Emitted
in 2013
(tons)

Per-Capita Emission
of CO2
(tons/person/year)

Africa
[Nigeria]

1,100 million
(174 million)

1,268 million
(96 million)

1
(0.5)

Asia
[China]

4,302 million
(1,357 million)

18,909 million
(10,246 million)

4
(8)

East Europe
[Russia]

295 million
(144 million)

2,713 million
(1,789 million)

9
(12)

West Europe
[Germany]

190 million
(81 million)

1,466 million
(759 million)

8
(9)

South America
[Brazil]

401 million
(196 million)

1,188 million
(502 million)

3
(3)

Middle East
[Saudi Arabia]

251 million
(30 million)

1,716 million
(543 million)

7
(18)

North America
[USA]

352 million
(316 million)

5,660 million
(5,184 million)

16
(16)

Table by Dr. Art Sussman, courtesy of WestEd with data from the Population Reference
Bureau 2013 and Population Reference Bureau 2016.
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The whole class then did a gallery walk where they examined each of the posters and
listened to the group’s presentation about their chart. The students discussed the benefits
and disadvantages of each representation of the data. Students asked questions, and wrote
down notes about specific pieces of the data that they noticed in each representation. After
the gallery walk and while the charts were still visible, the whole class discussed the most
important patterns [CCC-1] of per-capita consumption, and Ms. D invited students to
propose evidence-based claims [SEP-7] . Some students noticed a pattern [CCC-1] that
some small countries, particularly in the Middle East, had the highest levels of per-capita
emission. For example, Kuwait had a per-capita emission rate of 37 tons of CO2 per person
per year. They made a claim that this extremely high rate resulted from Kuwait’s large role
as a producer, refiner and exporter of fossil fuel resources, and cited as evidence [SEP-7]
correlations with other countries that produce and export large amounts of fossil fuels.
Throughout the year, Ms. D had posters along her wall with illustrations of California’s
Environmental Principles and Concepts and she asked students to refer to them now. She asked
her students which EP&Cs might apply to the data set they analyzed. One student suggested
EP&C II (The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies). She facilitated a brief
class discussion about the concepts associated with that principle. Several students observed
that their data seemed to support the idea that the growth of human populations is directly
related to the amount of resources humans consume (EP&C II, concept a).
Day 2: Introducing Capstone Projects
Motivated by these observations about human consumption and questions about the
possible impacts this consumption has on the rest of Earth systems, Ms. D introduced student
group projects that concluded their immersion in the middle grades science. Student teams
chose a specific human activity that has an environmental impact and explored it using all
three dimensions of the CA NGSS as they experienced them throughout all three middle
grades. She organized her expectations around the SEPs:
• obtain and evaluate information [SEP-8] about a specific phenomenon in which
•
•
•
•
•
•
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human activities are impacting one or more Earth systems;
analyze data [SEP-4] related to the impacts on Earth systems, and identify how
they demonstrate the California EP&Cs;
construct explanations and design solutions [SEP-6] related to those human
activities and impacts;
analyze design solutions [SEP-4] with respect to their criteria and constraints
associated with successful implementation;
model [SEP-2] how digital technologies can assist with gathering data, implementing solutions, and/or communicating results;
argue using evidence [SEP-7] to evaluate and refine their solutions; and
communicate the scientific and/or technical information [SEP-8] related to their
project and their proposed solution.
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To help establish a shared background within and across the student groups, Ms. D
provided five different illustrated readings that she had made based on the Living Planet
Report 2014 from the World Wildlife Fund (World Wildlife Fund 2014). Students worked in
teams of two to initially process the information in one of the readings and then combined into
larger groups focused on that reading. These groups then made presentations to the whole
class, followed by discussions about the individual topics and how those topics connected with
each other around the theme of human impacts on Earth systems. The five readings focused
on cause and effect [CCC-2] and stability and change [CCC-7] as they related to
• an overall decline in biodiversity of 52 percent between 1970 and 2010 resulting

from habitat modification, over-exploitation, pollution, and invasive species;
• the ways that climate change can magnify the negative impacts on biodiversity;
• how humans are currently converting more nitrogen from the atmosphere into

“reactive forms” than all terrestrial processes combined;
• the claim that humanity’s demand for natural resources currently exceeds the

capacity of land and sea areas to regenerate those resources; and
• analyzing data [SEP-4] comparing the “ecological footprints” of high-income

countries and low-income countries.
Day 3: Focus on Solutions
Ms. D transitioned to a focus on solutions by sharing seven brief readings from the Living
Planet Report 2014. Each reading described positive strategies that a specific community had
implemented to preserve natural resources, have more efficient production, and consume
more wisely. While they evaluated information [SEP-8] in these readings in teams and as
a whole class, students began brainstorming potential solutions related to the impacts in
the first set of readings. Student facilitators helped summarize and display notes on these
potential solutions.
Students then started meeting in groups to develop projects. Groups shared their initial
ideas with each other and with the teacher. These ideas and the partnering of students
were in flux for a while until they solidified into specific project teams. Four teams focused
on climate change but with different geographical contexts (the Arctic, Pacific Atolls, and
two in California). Another team focused on protecting the California freshwater shrimp,
an endangered species living in a stream near the school, while another team focused on
reducing the school’s energy consumption. After Ms. D approved the request of students to
broaden the topics to include other concepts they had covered in grade eight, two groups
chose asteroid-impact deflection to protect the planet, and a third group chose genetic
engineering as a general way to increase food supplies.
Days 4–8: Collaborative Work Sessions
The schedule for the work on student projects included designated dates when groups
shared their current status with each other. This sharing greatly broadened the learning from
the projects about the topics and expanded the feedback to the student groups. During these
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sessions, each group focused on reporting about their project through the lens of one or
two CCCs. The CCCs helped guide student thinking and lead them to ask specific types of
questions (see chapter 1 of this framework for examples).
Day 9: Poster Presentations
At the end of the projects, student groups across the different grade eight classes
presented posters of their projects at a school science evening program.
Some highlights from the projects included public outreach and monitoring water quality
in a local stream to help protect the California freshwater shrimp. Students shared that this
organism was an example of the four main HIPPO (Habitat loss, Invasive species, Pollution,
Population growth, Overexploitation) categories of activities that threaten biodiversity. People
have altered its habitat by building dams, and also overharvesting timber and gravel along the
stream banks. In addition, people have stocked streams with invasive nonnative fish species
and polluted the water. The students proposed plans to increase public awareness related
to stream overharvesting and pollution practices, and identified constraints that need to be
addressed to reduce these practices. (EP&C II; See the EEI unit “Extinction: Past and Present”
http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link39 for more information and a lesson on HIPPO.)
The genetic engineering group made an analogy between genetic code and the encoding
involved in digital files. They claimed that genetic code is neither analog nor digital, but instead
is uniquely biological and provides the evidence that the language of DNA includes four “digits”
instead of just the two options in the binary codes of digital communication. In addition,
they provided evidence for claims [SEP-7] that genetic engineering of food crops does not
significantly endanger personal health (e.g., cancer) but a key design constraint in genetic
engineering is that solutions must not endanger the health of ecosystems (EP&C V).
The school energy group visited a school in a different district that had been recognized
as a green school. They analyzed and compared energy consumption data [SEP-4] from
their school and the green school, and made recommendations based on those analyses. In
addition, they shared information [SEP-8] about digital tools that schools use to monitor
and reduce energy consumption by improving the efficiency of lighting and heating. The team
identified specific reduction goals as their criteria for success as well as detailed plans to
achieve those goals. They identified a constraint that energy budgets and decisions are made
at the district level rather than the school level (EP&C V).
One of the asteroid-impact teams changed projects. They remembered that the HHMI
BioInteractive Web site about the impact crater included remote digital data that originally
identified the crater in the Yucatan. While checking other links, they discovered that the
HHMI BioInteractive Web site included conservation efforts at the Gorongosa National Park in
Mozambique (http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link40). The students explained that this
park provided a case study in ecology and conservation science. They were particularly excited
when they learned that park scientists used GPS satellite collars and motion-sensitive cameras
to gather data about the recovery of the park’s lion population. In addition to sharing pictures
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and video, the students used educational resources from the Web site to explain [SEP-6]
factors that influenced the park ecology, the conservation recovery plans, and significant
constraints that need to be addressed to promote successful restoration (EP&C V).
The different student groups working on climate change issues jointly identified as a
constraint that many people were confused about global warming and climate change. They
consulted with their grade six science teacher who had taught them that global warming is the
increase in air and ocean temperatures due to the increased greenhouse effect (MS-ESS3-5).
She referred them to a PBS LearningMedia Web site (http://www.cde.ca.gov/ci/sc/cf/ch5.
asp#link41) that has a computer interactive explaining four main impacts of climate change
(figure 5.59). Higher concentrations of atmospheric CO2 directly result in global warming and
ocean acidification. The increased thermal energy trapped in the Earth system causes [CCC-2]
other changes such as sea-level rise and changing precipitation patterns (EP&C IV).
Figure 5.59. Effects of Burning Fossil Fuels
Burning Fossil Fuels

More C02 in Atmosphere
More C02 in Ocean

SEA LEVEL RISE

HIGHER AIR
& OCEAN
TEMPERATURES

CHANGING RAIN
PATTERNS

OCEAN
ACIDIFICATION

Increased emissions of carbon dioxide cause global warming (higher air and ocean
temperatures) and three other climate change impacts. Sources: Illustration by Dr. Art
Sussman, WestEd, and Lisa Rosenthal, WGBH.
Since their school is located relatively near the major Lake County 2015 Valley Fire
that burned 76,000 acres and destroyed almost 2,000 structures, several student groups
researched predictions related to climate change and wildfires. They learned that average
temperatures in California are projected to generally keep increasing throughout this century
(figure 5.60). They noted that reductions in emissions of greenhouse gases could reduce
the amount of heating. They also learned that communities could engage in individual and
collective actions that would increase the fire safety of homes.
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Figure 5.60. Projected Changes to California’s Average Temperature
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Projected increases in statewide annual temperatures during this century. Source: M.
d’Alessio with images from U.S. Global Change Research Program 2009 and data from Moser,
Ekstrom, and Franco 2012.
The Pacific Atoll climate change group reported about the Marshall Islands, which had
been a territory of the United States. They shared information about its geography and used
digital tools to video conference with a school on the island of Majuro. The group explained
that the approximately 60,000 Marshall Islanders were severely threatened by sea-level rise.
The highest natural points on the islands are generally just 3 meters (10 feet) above sea level.
During the period the schools communicated with each other, a King Tide caused serious
flooding in the area of the Majuro School. The group presentation included explanations
[SEP-6] of how climate change caused [CCC-2] sea levels to rise, and how scientists
remotely measure sea level around the globe via satellites equipped with digital tools. Their
engineering design challenge focused on ways communities can protect beaches and homes
from rising sea levels. Like the other student groups, they wanted to learn more about ways
to reduce the amount of climate change caused by human activities. (EEI Curriculum unit The
Greenhouse Effect on Natural Systems http://www.cde.ca.gov/ci/sc/cf/ch5.asp#link42 provide
additional resource materials on climate change and greenhouse gases.)
Day 10: Synthesis
In each of the three middle grades, students learned about the EP&Cs that were approved
by the California State Board of Education. For the final lesson related to the student projects,
students formed groups that consisted of students who had worked on at least three of the
different projects. Each of these new groups then discussed what they had done or heard
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about that related to each of the EP&Cs. Students then shared their ideas in a whole-class
discussion. They were surprised how many of them identified Principle V as something they
had seen but not really understood until they had to think about engineering criteria and
constraints related to reducing their specific environmental impact. They concluded that
decisions affecting resources and natural systems are definitely based on a wide range of
considerations and decision-making processes.

Vignette Debrief
This vignette illustrated the CA NGSS vision of blending SEPs, DCIs, and CCCs. While the
lesson description described this blend, the sections below focus on relevant aspects of each
dimension in isolation, along with ties CA CCSS and the EP&Cs.
SEPs. Scientists typically use all SEPs to fully understand new phenomenon, though
they may focus on one practice at a time during the course of a project. Typical educational
settings mirror this focus by isolating certain tasks to focus on building specific skills. In a
capstone project where students confront an entirely new phenomenon and have the time
to fully pursue it, students should fully employ all SEPs. For this reason, Ms. D explicitly
organized her project criteria around all the SEPs.
CCCs. The CCC’s are a series of big, overarching issues that scientists consider when
they approach a new phenomenon. Since the students were engaging in a big science and
engineering problem that was new to them, the CCCs provide a critical scaffold. Presentations
during the collaborative work sessions on days 4–8 focused on viewing the projects through
individual CCCs.
DCIs. The vignette integrated major concepts in Earth science (human impacts and Earth
systems), physical science (information technologies and instrumentation), life science (natural
selection), and engineering technology and applications of science (engineering design:
defining and delimiting engineering problems). Different project groups focused on problems
that were more closely related to DCIs in one or two domains, though the project criteria
required that students consider human impacts (ESS3) and include digital technology (PS4.C)
and engineering design (ETS).
CA CCSS Connections to English Language Arts and Mathematics. The capstone
projects and surrounding structure in the vignette were heavily focused on gathering and
synthesizing information from informational texts about environmental problems (RST.6–8.1,
2, 7, 9; RI.8.3). Student groups analyzed data, calculating the per-capita consumption
as the ratio of the emissions and population. They looked for patterns in the data and
made evidence-based claims about what they observed (8.SP.2, 4). The entire project was
structured to promote student discourse in small groups and in formal presentations (SL.8.1,
4, 6). Students then created written and visual communications products that summarized
their process and findings (WHST.6–8.2, 7-9).
EP&Cs. By the end of grade eight, students are able to focus on much broader issues than
they did back in kindergarten. The entire capstone project was designed to draw together all
of the EP&Cs. Even though this framing was intentional, Ms. D still devoted specific time on
day 1 and again on day 10 to identifying which EP&Cs apply to the situations.
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Resources:
Moser, Susanne, Julia Ekstrom, and Guido Franco. 2012. Our Changing Climate 2012.
Sacramento: California Climate Change Center.
U.S. Global Change Research Program. 2009. “Number of Days Above 100 Degrees Maps.” In
Global Climate Change Impacts in the United States, edited by Thomas R. Karl, Jerry M.
Melillo, and Thomas C. Peterson. New York: Cambridge University Press. http://www.cde.
ca.gov/ci/sc/cf/ch5.asp#link43
World Wildlife Fund. 2014. Living Planet Report 2014. Gland, Switzerland. WWF International.
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Introduction to Grades Six Through Eight

T

he California Next Generation Science Standards (CA NGSS) define
two possible progressions for the middle grades: the Preferred
Integrated Course Model, which interweaves science disciplines in a

developmentally appropriate progression and the Discipline Specific Model,
in which each grade level focuses in depth on a different science discipline.
The two models differ only in the sequence; every student is expected
to meet each middle grade performance expectation (PE) by the end of
the grade. Sequence here refers to the course (grade six, seven, or eight)
in which a particular performance expectation is mastered. This framework
makes no requirements about the order in which performance expectations
are taught within a given year. (The examples of course sequences in this
framework describe possible storylines but they are not the only ones).
Table 6.1 shows a comparison of which disciplinary core ideas (DCIs) are
emphasized in the performance expectations required at each grade level
in the two models. For both models, all eight science and engineering
practices (SEPs) are developed and all seven crosscutting concepts
(CCCs) are highlighted at some point during the course of every year

(though each lesson may only focus on one or two and each year may have
a slight emphasis on a particular subset).
As districts consider the progression that works best for their resources
and local context, they should be aware of the historical context, rationale
for each middle grade model, and potential limitations of each. This chapter
outlines some of those issues.

Historical Background
The CA NGSS are aligned to the nationally developed NGSS. This
nationwide effort identified specific performance expectations for
kindergarten through grade five but presented middle grade performance
expectations in a grade span of grades six through eight. Because California
adopts instructional materials for kindergarten through grade eight on a
statewide basis, performance expectations had to be placed at specific grade
levels—grades six, seven, and eight. Therefore, the State Superintendent of
Public Instruction (SSPI) recommended that the State Board of Education
2016 California Science Framework
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(SBE) adopt specific placement of the standards for the middle grades at each grade level.
The SSPI convened the Science Expert Panel comprised of kindergarten through grade
twelve teachers, scientists, educators, business and industry representatives, and informal
science educators. This panel evaluated a range of options for the appropriate organization
and sequence of the performance expectations. The public provided feedback to the Science
Expert Panel via three open forums and a webinar. The Science Expert Panel concluded
that an integrated model for grades six through eight would be the most effective model
for optimizing student learning of CA NGSS; the panel subsequently reviewed the national
model that had been developed by Achieve, and adapted it to better align with California’s
needs and recommended only the Preferred Integrated Model to the SBE. The full list of
events that led to the adoption of the Preferred Integrated Course Model is described at the
California Department of Education (CDE) Web site at http://www.cde.ca.gov/ci/sc/cf/ch5.
asp#link1. On November 6, 2013, the SBE unanimously passed the following motion: “To
adopt the CDE staff recommendation that the SBE adopt the proposed integrated model
as the preferred model for middle grades (six, seven, and eight) science instruction, and
requested that the CDE reconvene the Science Expert Panel to develop as an alternative, a
discipline specific model based upon the domain-specific model outlined by Achieve in the
NGSS appendix K.” In December 2014, the Science Expert Panel reconvened to develop a
discipline specific model of the CA NGSS.
The Board’s intent in their November 2013 action was to identify one integrated model in
California for grades six through eight that was preferred by both the SSPI and the SBE and
one discipline specific model as an alternative.
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Table 6.1. Comparison of When DCIs are Primarily Addressed in the Two Models
for Middle Grades (x means included)
Blank

EARTH AND SPACE SCIENCE

DISCIPLINARY CORE IDEA
1

2

LIFE SCIENCE

Earth Systems

Discipline
Specific

6

8

6

Universe, Stars, Solar
System

x

x

History of Planet Earth

x

x

Water Cycle, Weather,
Climate

3

Earth and Human
Activity

Global Climate Change
Causes

7

x

Rock Cycle, Plate Tectonics

From Molecules to
Organisms: Structures
and Processes

x
x

x
x

x

Natural Hazards

x

x
x

2

Ecosystems: Interactions, Energy, and Dynamics

3

Heredity: Inheritance
and Variation of Traits

Sexual Versus Asexual
Reproduction

x
x

x

x

x

x

x

Mutations
4

Biological Evolution: Unity and Diversity

1

Matter and Its
Interactions

x

x

x

x

Atoms, Molecules, States of
Matter

x

x

Chemical Reactions

x

x

2

Motion and Stability: Forces and Interactions

3

Energy

Kinetic Energy and
Collisions

x

Blank

Heat and Heat Flow

x

Blank

Potential Energies & Gravity

4

x

x

Photosynthesis and
Respiration

8

x

Resources Availability

Cells & Body Systems

7

x

Resource Consumption
1

PHYSICAL SCIENCE

Earth’s Place in the
Universe

Preferred
Integrated

SUBTOPIC

x

x

x

x
x

Waves and Their Applications in Technologies
for Information Transfer

x

x

x

x

ETS

Every course includes integrations with ETS

x

x

x

x

x

x

SEP

Every course utilizes all eight SEPs

x

x

x

x

x

x

CCC

Every course highlights all seven CCCs

x

x

x

x

x

x
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Learning from Other Successful Countries
The Science Expert Panel preferred the Integrated Model based in part on evidence of
the performance of other countries and provinces. Analyzing the science standards of ten
countries that produced significant scientific innovations and scored highly on international
benchmark tests, Achieve (2010) found that all ten of these countries used an integrated
science model through the middle grades, and seven of the ten countries kept science
integrated all the way through grade ten. Summarizing qualitative trends from their analysis,
Achieve (2010) concluded that, “Standards based around ‘unifying ideas’ for Primary
through Lower Secondary seem to confer more benefits than a discipline-based structure.”
This statement articulates part of the rationale behind the seven crosscutting concepts
from the CA NGSS that link together all disciplines of science and engineering. Given that
these crosscutting concepts cannot be understood within a single context or even a single
scientific discipline, the SBE adopted the integrated model as the preferred model.

atc ing

ni ersit

raining

it

i

le

ra es eac ing

Many science teachers receive a university degree in a specific discipline of science
within a specific university department (i.e., biology, chemistry, physics, geology), so they
likely have stronger content knowledge in that discipline. Linda Darling-Hammond (2000)
summarized the research on the weak but measurable link between a teacher’s subject
matter knowledge and student achievement by saying that, “the findings are not as strong
and consistent as one might suppose … [perhaps] because subject matter knowledge is a
positive influence up to some level of basic competence in the subject but is less important
thereafter.” Teachers with a general science certification teaching middle grades exceed
that basic level of competence in all sciences and should be able to teach effectively in
both models. Perhaps the pedagogical content knowledge (PCK) learned from years of
experience teaching a specific subject area is more important than university learning
within a discipline. Some of this pedagogical content knowledge is discipline specific such as
awareness of specific preconceptions within one’s discipline (Sadler et. al. 2013), but much
of it relates to science and engineering practices and crosscutting concepts that span all
disciplines of science and will transfer fluidly from one course model to the other. It was the
judgment of the Science Expert Panel that teachers will remain highly qualified to teach in
both the Preferred Integrated and Discipline Specific models.

Sequencing in a Developmentally Based Learning Progression
The CA NGSS is intentionally designed so that students slowly build up knowledge
and skills in all three dimensions, addressing more sophisticated challenges or revisiting
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simple ones at a deeper level as they progress through the grades. Achieve also noted that
even in exemplary standards, most countries paid insufficient attention to developmental
learning progressions. They suggest “developers of new standards will need to tease out the
prerequisite knowledge and skills, to provide a conceptual basis for understanding (Achieve
2010).” Appendix E of the CA NGSS spells out the developmental progression of ideas within
each discipline, but there is also prerequisite knowledge from one domain that is applied
in a separate domain within the CA NGSS. For example, it is difficult to fully understand
photosynthesis, respiration, and how matter is rearranged as organisms consume other
organisms without a firm understanding of atoms, molecules, and chemical reactions. In the
Discipline Specific Model, the life science disciplinary core ideas appear in grade seven but
core ideas about the nature of matter are not introduced until grade eight. The Preferred
Integrated Course Model was arranged with this sequencing in mind, and the prerequisite
knowledge is often placed within the same course so that it can be taught alongside
the application. Successful implementation of the Discipline Specific Model will require
some remediation of the missing prerequisite knowledge, and the specific courses in this
framework identify when these situations occur in each course.

ntro uction to t e Disci line S ecific Course
Grades Six Through Eight

o el for

The Discipline Specific Course Model allows students to focus in depth on specific
subdisciplines of science during each year of their middle grades education. This model
organizes the courses for grades six through eight into content-specific courses that match
the three science domains:
•

Grade Six: Earth and Space Sciences (ESS)

•

Grade Seven: Life Science (LS)

•

Grade Eight: Physical Science (PS)

Each course addresses only the performance expectations from its designated
disciplinary domain (Earth and space science, life science, or physical science), though
successful demonstration of these performance expectations often requires students
to apply their understanding of the other domains. These courses are aligned with the
cognitive demands of the California Common Core State Standards (CA CCSS) with a few
significant exceptions discussed below.

Purpose and Limitations of this Example Course
The CA NGSS do not specify which phenomena to explore or the order to address topics

2016 California Science Framework

Chapter 6

567

Discipline Specific Course Model for rades Six Through Eight
because phenomena need to be relevant to the students that live in each community and
should flow in an authentic manner. This chapter illustrates one possible set of phenomena
that will help students achieve the CA NGSS performance expectations. The phenomena
chosen for this statewide document will not be ideal for every classroom in a state as large
and diverse as California. Teachers are therefore encouraged to select phenomena that will
engage their students and use this chapter’s examples as inspiration for designing their own
instructional sequences.
In this chapter’s examples, each year is divided into instructional segments (IS) centered
on questions about observations of a specific phenomenon. Different phenomena require
different amounts of investigation to explore and understand, so each instructional segment
should take a different fraction of the school year. As students achieve the performance
expectations within each instructional segment, they uncover disciplinary core ideas (DCIs)
from the different disciplines of science (physical science, life science, and Earth and space
science) and engineering. Students engage in multiple practices in each instructional
segment, not only those explicitly indicated in the performance expectations. Students
also focus on one or two crosscutting concepts (CCCs) as tools to make sense of
their observations and investigations; the CCCs are recurring themes in all disciplines of
science and engineering and help tie these seemingly disparate domains together. The
science and engineering practices, disciplinary core ideas, and crosscutting concepts
grow in sophistication and complexity throughout the K–12 sequence. While this chapter
calls out examples of the three dimensions in the text using color coding, each element
should be interpreted with this grade-appropriate complexity in mind (appendix 1 of this
framework clarifies the expectations at each grade span in the developmental progression).
Engineering, technology, and application of science (ETS) are a fundamental part of each
course. As students explore their environment during this grade span, they develop their
growing understanding of the interconnections and interdependence of Earth’s natural
systems and human social systems as outlined in California’s Environmental Principles
and Concepts (EP&Cs). All three of the CA NGSS dimensions and the EP&Cs will prepare
students to make decisions about California’s future and become sources of innovative
solutions to the problems the state may face in the future.

Se uencing of Courses

it in t e Disci line S ecific

o el

The arrangement of the courses within the Discipline Specific Course Model provides
opportunities, but also many challenges, some arising from the implementation of the Earth
and space science (ESS) in grade six. The majority of research in Earth and space science
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is interdisciplinary in nature and is often organized into the categories of astrophysics,
geophysics, geochemistry, and geobiology. Placing Earth and space science in grade six
limits the ability to make rich or advanced connections to these other disciplines. As a
result, models [SEP-2] of Earth systems [CCC-4] developed in the discipline specific
presentation of middle-grade courses cannot be as deep, leaving students at a disadvantage
when they face Earth and space science performance expectations on both middle grades
and high school assessments. In order to continue to develop models [SEP-2] of the
Earth system throughout the middle grades, teachers can use Earth and space science
phenomenon introduced in grade six to motivate study of specific mechanisms in physical
and life science during grades seven and eight. Teachers in all middle grades will need
continued professional learning in Earth and space science to make these connections in
their classrooms. Returning to Earth and space science concepts throughout all grades
also helps alleviate another sequencing challenge of the Discipline Specific Model: Earth
and space science involves some of the largest scales [CCC-3] of space and time (the
size of the universe and the age of the Earth), but students do not learn the corresponding
mathematical representations of numbers using scientific notation until grade eight in
California’s CCSS. Ways to confront these challenges are spelled out within the relevant
instructional segment of each course.
The course titles in CA NGSS are similar to the California 1998 Science Content
Standards (1998 Standards), but some notable changes to the sequencing of disciplinary
content include the following:
•

The new CA NGSS Discipline Specific Course Model may initially appear less
interdisciplinary than the previous 1998 Standards. Performance expectations
related to topics at the intersection between disciplines (such as ecology and organic
chemistry) were once addressed in two different courses (grades six and seven,
respectively, under the 1998 Standards). They are now concentrated in their respective
discipline specific course. Effort has been made in this framework to illustrate
possibilities for strong connections between disciplines even within this model, but
teachers will need time for collaboration and guidance to ensure that they actually
implement strong connections between grade levels at each school site.

•

The discussion of the Earth in the solar system was included in grade eight under
the 1998 Standards. In the CA NGSS Discipline Specific Course Model, the same
topic (ESS1: Earth’s Place in the Universe) is now introduced in grade six. In this
context, educators at this grade level will have to make significant accommodations
to their instruction as the mathematical ability of grade six students is not sufficiently
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developed for teachers to emphasize gravity and then describe it as the force
that holds together the solar system and the Milky Way galaxy, and controls the
orbital motion of all objects (MS-ESS1-2). Therefore, the development and use of
scientific models [SEP-2] related to these core ideas (MS-ESS1-1 and MS-ESS1-2)
will only be described in qualitative terms; similarly, the scale [CCC-3] and analysis
of data [SEP-4] related to the spatial and temporal dimension of the solar system

and the Earth (MS-ESS1-3 and MS-ESS1-4) will only be partially explained. This is a
limitation of the discipline specific middle grades sequence.
•

In grade eight, the disciplinary core idea associated with waves and their applications
in technologies for information transfer (PS4) partially overlaps with the content
topics presented in grade seven in the 1998 Standards. In CA NGSS the core idea is
extended further to include mathematical representation of waves (MS-PS4-1) and the
qualitative analysis of digital and analog signals (MS-PS4-3).

•

Many of the details related to disciplinary core ideas that were expected under the
1998 Standards are now addressed in high school rather than middle grades. Some
examples include the following:
•

Details about the fossil record and radioactive dating have been moved to high
school, while in grade seven more emphasis has been added to comparative
anatomy (fossil evidence is still used, but the details of how that evidence was
collected are saved until high school).

•

The internal structure of the atom and the periodic table have been moved to
high school, and in grade eight more emphasis has been added to developing
models [SEP-2] of how atoms rearrange during chemical reactions and how

mass is conserved within a chemical system.

Structure of Each Course
The Discipline Specific Course Model authorized by the State Board of Education defines
which performance expectations should be addressed during each grade level, but it does
not dictate or prescribe the sequence of instruction within each course. This chapter outlines
one possible organization of the performance expectations into instructional segments to
create a coherent storyline. Teachers are not bound in any way to this example, but the
goal is to provide guidance as teachers develop their own curriculum to suit their local
circumstances.
The section for each grade-level course is broken down into four or five large
instructional segments. Each of these instructional segments addresses more than one
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performance expectation, and the bundling of performance expectations into a single
instructional segment is designed to build connected knowledge. Within any given
course, the sequence of the instructional segments is also important as certain ideas
and performance expectations are developed sequentially across multiple instructional
segments. It is not appropriate in this context to ask which performance expectation is
the focus of a particular lesson. Rather it is important to focus on which performance
expectation is developed across the full instructional segment, bearing in mind that aspects
of multiple performance expectations may be included. In some cases, the understanding
needed to meet a single performance expectation may be addressed across more than
one instructional segment because full understanding occurs only as students apply that
understanding in novel situations.
In addition, in the domain-specific content for each course, the Science Expert Panel
also specified disciplinary core ideas (DCIs) from the other science domains that need to be
introduced to facilitate students’ full understanding of each performance expectation. These
disciplinary core ideas are indicated in some instructional segments with the designation
“Other Necessary DCIs.” For example, the core ideas associated with conservation of
energy [CCC-5] and energy transfer (PS3.B) and components related to the concept of

electromagnetic radiation (PS4.B) are necessary for students to understand the role of water
cycling in Earth’s surface processes (ESS2.C) or explain phenomena associated with weather
and climate (ESS2.D).

Essential Shifts in the CA NGSS
The 1998 Science Standards were written at a low cognitive level (“Students know … ”),
with some attention paid to the process of science as a separate set of Investigation and
Inquiry standards. In the CA NGSS, every performance expectation is “three-dimensional,”
meaning that it requires proficiency in science and engineering practices along with a deep
understanding of disciplinary ideas and the ability to relate these ideas to crosscutting
concepts that are common across the disciplines. As a result, instructional materials and
strategies must shift. During the initial adoption of CA NGSS, districts adopting the Discipline
Specific Course Model must be particularly attentive to these shifts because this model has
the appearance on the surface of being quite similar to the 1998 Standards. While the core
ideas are similar in scope and organization, the tasks students will be required to perform
to demonstrate mastery of each performance expectation are much broader in scope
and at a higher cognitive level. This growth is enabled by the CA NGSS vision of a strong
developmental progression in which students spiral through the curriculum, revisiting ideas
in increasing complexity and detail.
2016 California Science Framework
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Some have described the CA NGSS as having “more depth and less breadth,” but that
may not be a precise description. In many of the instructional segments of these middle
grades courses, the CA NGSS focus is shifted to richer reasoning and more opportunities
to apply knowledge, so students may be expected to know fewer details about phenomena
than they did in the 1998 Standards. These details are not missing from CA NGSS, they
have just been moved from the middle grades to a more developmentally appropriate
position in high school. The level of detail builds up slowly. As teachers, we often complain
that our students do not remember concepts from year-to-year, but perhaps this forgetting
is a consequence of our desire to provide self-contained instructional segments that answer
all the questions raised by the time of the test, just like a 30-minute episode of a sitcom
on television. The CA NGSS is more like a long-running drama series with a number of
interwoven storylines developing over years. To accomplish this slow build up, teachers will
likely have to make major modifications to some of their favorite lessons or even leave them
behind because those lessons focus on providing all the answers, with students expected
to memorize the details and jargon that represent the current state of understanding of
science by scientists. The time they used to spend on those parts of the lessons will instead
be invested in asking students to apply their mental models [SEP-2] of the physical world,
like scientists grappling with new situations, and to talk like scientists not by using scientific
words but by being able to provide evidence [SEP-7] to support their claims. Districts and
schools will need to invest in significant resources for professional development to help
teachers make these modifications in supportive, collaborative environments.
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Grade Six Discipline Specific Course Model:
Earth and Space Science
From the introduction to the Middle Grades Earth and Space Sciences Standards in the
Next Generation Science Standards (NGSS):
Students in middle school develop understanding of a wide range of topics
in Earth and space science (ESS) that build upon science concepts from
elementary school through more advanced content, practice, and crosscutting
themes. There are six ESS standard topics in middle school: Space Systems,
History of Earth, Earth’s Interior Systems, Earth’s Surface Systems, Weather
and Climate, and Human Impacts. The content of the performance expectations
are based on current community-based geoscience literacy efforts such as the
Earth Science Literacy Principles (Wysession et al. 2012), and is presented with
a greater emphasis on an Earth Systems Science approach. The performance
expectations strongly reflect the many societally relevant aspects of ESS
(resources, hazards, environmental impacts) as well as related connections
to engineering and technology. While the performance expectations shown
in middle school ESS couple particular practices with specific disciplinary core
ideas, instructional decisions should include use of many practices that lead to
the performance expectations. (NGSS Lead States 2013a)
A major emphasis of this course is to teach the principle of interacting components of
Earth systems. According to the National Science Education Standards, “The natural and
designed world is complex; it is too large and complicated to investigate and comprehend
all at once. Scientists and students learn to define small portions for the convenience of
investigation. The units of investigations [SEP-3] can be referred to as systems [CCC-4] .
A system is an organized group of related objects or components that form a whole. Systems
can consist, for example, of organisms, machines, fundamental particles, galaxies, ideas,
and numbers. Systems have boundaries, components, resources, flow, and feedback”
(National Research Council [NRC] 1996).
Although any real system [CCC-4] smaller than the entire universe interacts with and
is dependent on other (external) systems, it is often useful to conceptually isolate a single
system for study. To do this, scientists and engineers imagine an artificial boundary between
the system in question and everything else. Then they examine the system in detail while
treating the effects of things outside the boundary as either forces acting on the system

2016 California Science Framework

Chapter 6

573

Grade Six Discipline Specific Course Model: Earth and Space Science
or flows of matter and energy across it—for example, the gravitational force, due to Earth,
on a book lying on a table or the carbon dioxide expelled by an organism. Consideration of
flows into and out of the system is a crucial element of system design. In the laboratory or
even in field research, the extent to which a system under study can be physically isolated
or external conditions controlled is an important element of the design of an investigation
and interpretation of results.
Often, the parts of a system [CCC-4] are interdependent—each one depends on or
supports the functioning of the system’s other parts. Yet the properties and behavior of the
whole system can be very different from those of any of its parts, and large systems may
have emergent properties, such as the shape of a tree, that cannot be predicted in detail
from knowledge about the components and their interactions. Things viewed as subsystems
at one scale [CCC-3] may themselves be viewed as whole systems at a smaller scale. For
example, the circulatory system can be seen as an entity in itself or as a subsystem of the
entire human body; a molecule can be studied as a stable configuration of atoms but also
as a subsystem of a cell or a gas.
An explicit model of a system under study can be a useful tool not only for gaining
understanding of the system but also for conveying it to others.

o els S P

of a

system can range in complexity from a list of a sequence of events to a simple sketch to
detailed computer simulations or functioning prototypes. Table 6.2 shows the systems
identified in the Earth and space sciences course.
Table 6.2. Earth Systems
S S
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S

S

S

Geosphere

oc s minerals an lan forms at Earth’s surface and in
its interior, including soil, sediment, and molten rocks

Hydrosphere

Water, including ocean water, groundwater, glaciers and ice
caps, rivers, lakes, etc.

Atmosphere

Gases surrounding the Earth (i.e., our air)

Biosphere

Living organisms, including humans

Anthrosphere

Humanity and all of its creations (This sphere is not
specifically mentioned in the NRC Framework [2012] because
it is primarily part of the biosphere. Separating this sphere
out emphasizes the significant influences humans have
on the rest of Earth’s systems and is consistent with the
Environmental Principles and Concepts [EP&Cs] that are part
of the CA NGSS.)
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Opportunities for ELA/ELD Connections
During grade six, students investigate and develop their understanding of Earth’s
systems (geosphere, hydrosphere, atmosphere, biosphere, and anthrosphere) and
how each of these systems has components that intersect with each other. Each
system’s understanding could be developed through students using concept maps,
word webs, or graphic organizer (e.g., Frayer Model) to identify corresponding types,
examples and non-examples, definitions, illustrations of concept, essential (or nonessential) characteristics, and meanings of word parts (prefix/suffix) as they engage
in academic discourse through their investigations. These strategies help all learners
develop effective ways to express their understanding by using content vocabulary as
they acquire content knowledge.
C CCSS for
iterac Stan ar s L.6–8.4; RST.6–8.4
C
D Stan ar s ELD.PI.6–8.6

Table 6.3 provides a schematic organization of the instructional segments and the
primary Earth systems discussed in each. The CA NGSS has titled this domain Earth and
Space Sciences to emphasize that while Earth exists as a singular planet, its systems are
strongly influenced by interactions with the broader universe.
Table 6.3. Illustration of How Different Instructional Segments Relate to Earth’s Systems
S

C

S

S

Earth’s Place in the Solar System

S

Atmosphere: Flows of Energy

Atmosphere/Hydrosphere:
Cycles of Matter
S

S

HYDRO.

GEO.

BIO.

ANTHRO.

n/a

n/a

x

n/a

n/a

x

x

n/a

n/a

x

x

x

n/a

n/a

x

S

Geosphere, External Processes

n/a

x

x

x

x

S

Geosphere: Internal Processes

n/a

n/a

x

n/a

x

Each of these systems [CCC-4] has components that interact with each other. Modeling
the appropriate relationship between these components is at the center of each instructional
segment in this course. Further, each system interacts with the others, originating the
processes that shape our Earth.
In grade six, students apply and expand their prior understanding of these systems from
their science experiences in grade five. Thus, along with grade-appropriate proficiency in
using all the science and engineering practices and crosscutting concepts, students develop
an understanding of Earth’s major systems (5-ESS2-1; ESS2.A) aided by concepts in physical
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science (PS1: Structure and properties of matter; PS3.D: Energy in chemical processes and
everyday life) and life science (LS2.B: Cycles of matter and energy transfer in ecosystems).
Table 6.4 shows the disciplinary core ideas (DCIs) that students in grade six have experienced
in grade five or earlier grades. Grade six teachers will have to probe the level of familiarity and
mastery that their students have as they enter their grade six science classes.
Table 6.4. Disciplinary Core Ideas and Component Ideas From Grade Five
DCI

C
P
D
S
DC
COVERED IN GRADE FIVE (IF ANY)

PS1: Matter and Its Interactions

PS1.A: Structure and Properties of Matter
PS1.B: Chemical Reactions

PS2: Motion and Stability:
Forces and Interactions

PS2.B: Types of Interactions (Gravitational Force)

PS3: Energy

PS3.D: Energy in Chemical Processes and Everyday Life

PS4: Waves and Their
Applications in Technologies
for Information Transfer

(Not addressed in grade five. Previously addressed in
grade four.)

LS1: From Molecules to
Organisms: Structures and
Processes

LS1.C: Organization of Matter and Energy Flow in
Organisms

LS2: Ecosystems: Interactions,
Energy, and Dynamics

LS2.A: Interdependent Relationships in Ecosystems

LS3: Heredity: Inheritance
and Variation of Traits

(Not addressed in grade five. Previously addressed in
grade three)

LS4: Biological Evolution:
Unity and Diversity

(Not addressed in grade five. Previously addressed in
grade three)

ESS1: Earth’s Place in the
Universe

ESS1.A: The Universe and Its Stars

ESS2: Earth’s Systems

ESS2.A: Earth Materials and Systems

LS2.B: Cycles of Matter and Energy Transfer in
Ecosystems

ESS1.B: Earth and the Solar System
ESS2.C: The Roles of Water in Earth’s Surface Processes

ESS3: Earth and Human Activity

ESS3.C: Human Impacts on Earth Systems

ETS1: Engineering Design

ETS1.A: Defining and Delimiting Engineering Problems
ETS1.B: Developing Possible Solutions
ETS1.C: Optimizing the Design Solution
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Earth and space sciences have much in common with other branches of science, but
they also include a unique set of scientific pursuits. Inquiries into the physical sciences (e.g.,
forces, energy, gravity, magnetism) were conducted in part as a means of understanding
the size, age, structure, composition, and behavior of Earth, Sun, and Moon; physics and
chemistry later developed as separate disciplines. The life sciences likewise are partially
rooted in Earth science, as Earth remains the only example of a biologically active planet,
and the fossils found in the geological record are of interest to both life scientists and
Earth scientists (LS4). As a result, the majority of research in Earth and space sciences
is interdisciplinary in nature and is often organized into the categories of astrophysics,
geophysics, geochemistry, and geobiology. However, the underlying traditional discipline of
geology, involving the mapping and interpretation of rocks, remains a cornerstone of Earth
and space sciences.
When adapting the CA NGSS, teachers have great opportunities to make the subject
matter regionally relevant. Coastal communities may wish to focus on different spheres of
interaction than farming communities in California’s Central Valley. Despite these regional
differences, large portions of California’s students live in dense urban communities where
ties to the natural environment are less apparent. When describing possible directions for
meeting the performance expectations, this framework makes efforts to identify directions
that will be most relevant for urban youth and mentions specific activities relevant to urban
geoscience. Table 6.5 shows a sequence of five possible phenomenon-based instructional
segments in a discipline specific grade six course.
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Table 6.5. Overview of Instructional Segments for Discipline Specific Grade Six

1

Earth’s Place in the Solar System
Students develop a model of the Earth-Sun-Moon
system that allows them to explain patterns they identified in
elementary school. They place this model in the context of the
scale of the entire solar system and describe the role gravity
plays to keep it together.

2

tmos ere lo s of nerg
Students develop a simple model that explains how
energy flow into the Earth system explains climates in
different parts of the globe. They ask questions about how
humans are disrupting this natural energy balance.

3

tmos ere
ros ere C cles of atter
Students use data to show how the movement and
interaction of air masses cause weather changes. Students
then relate weather processes to a model of the water cycle,
including the energy sources that drive it.

4

eos ere
ternal Processes
Students explain how air and water can shape and sculpt
the landscape. They model the movement and changes of
rocks over Earth’s history and in the present day as landslide
hazards that can be forecasted and mitigated.

5

eos ere nternal Processes
Students use the shape of landforms at the surface as
evidence that plates have moved in the past. They explain
how these movements helped distribute resources like
minerals and water and relate them to earthquake hazards.

Sources: Okada 2005; Bertola 2011; Oravecz 2013; Miller 2008; Kuring 2011
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Disci line S ecific ra e Si nstructional Segment
Earth’s Place in the Solar System
People throughout history have been fascinated by the heavens. Each ancient
civilization noticed patterns [CCC-1] in the movement of the Sun, Moon, and stars. Students
themselves have recognized and described patterns of motion in the sky in earlier grades
(1-ESS1-1, 5-ESS1-2). Teachers can begin by reviewing those patterns, perhaps working
with English language arts (ELA) teachers to read stories about the way in which ancient
civilizations used the patterns in the stars to predict their motion. In this instructional segment (IS), students construct models [SEP-2] that explain the size, shape, and timing of
these motions. Students should be able to apply these models to qualitatively predict the
motions of objects. In high school, they will extend this model by adding quantitative descriptions of the forces that cause the motion. Grade six lays the crucial foundation for that work.

D SC P

SP

SP C
C

C

S

D

S
S S

S

C

S

Guiding Questions
• What causes the cycles of stars, planets, and moons?
• How can we represent the vastness of the solar system and compare objects as large as
planets and moons?
Performance Expectations
Students who demonstrate understanding can do the following:
S SS
Develop and use a model of the Earth–Sun–Moon system to describe the cyclic
patterns of lunar phases, eclipses of the Sun and Moon, and seasons. [Clarification Statement:
Examples of models can be physical, graphical, or conceptual.]
S SS
Develop and use a model to describe the role of gravity in the motions within
galaxies and the solar system. [Clarification Statement: Emphasis for the model is on gravity as
the force that holds together the solar system and Milky Way galaxy and controls orbital motions
within them. Examples of models can be physical (such as the analogy of distance along a
football field or computer visualizations of elliptical orbits) or conceptual (such as mathematical
proportions relative to the size of familiar objects such as their school or state).] [Assessment
Boundary: Assessment does not include Kepler’s Laws of orbital motion or the apparent
retrograde motion of the planets as viewed from Earth.]
S SS
Analyze and interpret data to determine scale properties of objects in the solar
system. [Clarification Statement: Emphasis is on the analysis of data from Earth-based
instruments, space-based telescopes, and spacecraft to determine similarities and differences
among solar system objects. Examples of scale properties include the sizes of an object’s layers
(such as crust and atmosphere), surface features (such as volcanoes), and orbital radius.
Examples of data include statistical information, drawings and photographs, and models.]
[Assessment Boundary: Assessment does not include recalling facts about properties of the
planets and other solar system bodies.]
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

ESS1.A: The Universe and
Its Stars

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

ESS1.B: Earth and the Solar
System
Other Necessary DCI(s):
PS2.B: Types of Interactions

C CCSS

[CCC-3] Scale, Proportion, and
Quantity
[CCC-4] Systems and System
Models

at Connections MP.2, MP.4, 6.RP.1, 7.RP.2a–d, 6.EE.6, 7.EE.4a–d

C CCSS for
C

[CCC-2] Cause and Effect:
Mechanism and Explanation

iterac Connections RST.6–8.1, 7; SL.6.5

D Connections ELD.PI.6.6a–b, 9, 10, 11a

Gravity is the driving force that shapes most motion in the universe. In grade three,
students investigated gravity as a force that can pull objects downward (3-PS2-1). If that’s
the case, why doesn’t the Moon fall down? (See NASA Ask an Astronomer, “Why doesn’t the
Moon fall down” accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link2. How can a force
that pulls an object downward give rise to the ordered patterns [CCC-1] we see in the
movement of the stars in the sky? In this instructional segment, students develop a model
[SEP-2] of this process (MS-ESS1-2). Essential components of the model are (1) gravity

is a force that pulls massive objects toward one another, and (2) celestial objects move in
elliptical patterns: planets in the solar system around the Sun and stars in galaxies around
the centers of galaxies. Students can illustrate the relationship between these ideas with a
rope (left side of figure 6.1). One person stands in the center and holds the rope while the
other starts moving away. Once the rope is taut, both people feel the rope tugging them
together. The pull of the rope changes the moving person’s direction, constantly pulling
that person back on course so that he or she moves only in a circular motion. Isaac Newton
developed a conceptual model of this with the idea of a cannon shot from a tall mountain
at different speeds. Gravity always pulls the cannon ball down, but the direction of down
changes constantly (just like the direction of pull from the rope changes constantly as the
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student runs around the circle). Online interactive simulations of Newton’s cannon can help
students visualize the model even better.
Figure 6.1. Gravity and Orbiting Objects
Gravity always pulls
the cannon ball
towards the center
of the Earth.

Both students feel the pull
of “gravity” through the rope
“PLANET”

“SUN”

The pull of the
rope changes
the planet’s
direction so
that it always
moves in a
circle around
the Sun.

As it moves faster,
the ball travels
farther and farther
around the planet.
Eventually, it can
travel all the way
around and will
orbit continuously.

Models showing the relationship between gravity and the circular motion of objects in orbits. The left
side is a physical model with students representing planets. The right side shows Newton’s cannon, a
conceptual model illustrated in a diagram. Diagrams by d’Alessio and Brondel 2010.

The clarification statement for MS-ESS1-2 may cause confusion, because many of the
examples pertain to scale models that would help accomplish MS-ESS1-3 but do not
explicitly help students understand the role of gravity in these systems. The two
performance expectations are intricately connected because gravity and motion help define
the shape and scale of recognizable bodies in our solar system. The next section describes
some of these relationships.
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ortunities for at ematics Connections
Solar System Scale
When pondering Earth’s place within the solar system, scale and proportion [CCC-3]
are repeating concepts, and they align well with the mathematical thinking [SEP-5]
about ratios and proportions from grade six mathematics (CA CCSSM 6.RP.3). NASA
has a series of activities on Solar System math (accessed at http://www.cde.ca.gov/
ci/sc/cf/ch6.asp#link3) that allows students to analyze data [SEP-4] about solar
system scale [CCC-3] and then build scale models [SEP-2] . The activity from day 1 in
the vignette below is a related example pertaining to the Moon. Students also can get a
tangible sense of the relative scale of the solar system by constructing a scale model on
a 100-yard football field. Most of these examples provide solar system sizes as numbers
in tables, but the clarification statement for MS-ESS1-3 identifies other ways that
students can obtain their data for analysis [SEP-4] , including photographs, drawings,
and models. For example, students can use online interactive models of the solar system
to record the orbital distance and period of different planets. As the distance from the
Sun increases, the time it takes for the planet to complete one orbit also increases. A
similar activity can be done using a virtual telescope to analyze the orbital distance and
orbital period of the moons of Jupiter. Project CLEA http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link4 provides a detailed lesson plan that can be used with Web- or tablet-based
Jupiter simulators such as http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link5. A motivation
for choosing to investigate orbital periods and radii is that it prepares students for
calculating orbital periods using Kepler’s Laws in high school (HS-ESS1-4).

Patterns in t e art

Sun

oon S stem

The study of the moon using the CA NGSS illustrates some of the shifts in expectations
compared to the 1998 California Standards. Under the 1998 Standards, students in grade
three should know the ways the Moon’s appearance changes during the four-week lunar
cycle. In the CA NGSS, students use observations to describe patterns [CCC-1] in the
moon’s motion in grade one (1-ESS1-1). Explaining the moon’s appearance is now part
of grade six, but the emphasis is on developing a model [SEP-2] that students can
use to make and test predictions instead of simply describing the phases (MS-ESS1-1).
The vignette below illustrates a teaching sequence that helps accomplish this model
development.
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Performance Expectations
Students who demonstrate understanding can do the following:
S SS
Develop and use a model of the Earth-Sun-Moon system to describe the cyclic
patterns of lunar phases, eclipses of the Sun and Moon, and seasons. [Clarification Statement:
Examples of models can be physical, graphical, or conceptual.]
S SS
Analyze and interpret data to determine scale properties of objects in the
solar system. [Clarification Statement: Emphasis is on the analysis of data from Earthbased instruments, space-based telescopes, and spacecraft to determine similarities and
differences among solar system objects. Examples of scale properties include the sizes of an
object’s layers (such as crust and atmosphere), surface features (such as volcanoes), and
orbital radius. Examples of data include statistical information, drawings and photographs,
and models.] [Assessment Boundary: Assessment does not include recalling facts about
properties of the planets and other solar system bodies.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

ESS1.A: The Universe and
Its Stars

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

ESS1.B: Earth and the Solar
System

C CCSS

at Connections MP. 1, MP. 2, MP. 3

C CCSS for
C

[CCC-3] Scale, Proportion, and
Quantity

iterac Connections SL.6.1; RST.6–8.2, 3, 7

D Connections ELD.PI.6.1, 5, 6a–b

Introduction
The students in Mr. O’s grade six classroom receive science instruction five days a week
for 50 minutes each day. The students receive instruction in reading/language arts and
mathematics in an integrated fashion. Strategic grouping of students provides opportunities
for peer-to-peer collaboration, facilitating support for struggling students, including English
language learner students.
In the lesson sequence in this vignette, Mr. O uses multiple means of representation
that allow students to make sense of the view of Moon phases as seen from Earth. These
representations include computer models using planetarium software (available free online at
Stellarium accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link6), physical models (foam
balls, a lamp, golf balls), and diagrams such as foldables (three-dimensional interactive
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graphic representations with templates available online). Engaging the students in these
multiple experiences to explain the same phenomenon and allowing them to develop their
own models [SEP-2] or evaluate alternative representations of the same model facilitates
students’ development of a conceptual model of the Earth-Sun-Moon system. In addition, the
multiple experiences support language development as students discuss and ask questions
[SEP-1] about the experiences.
Mr. O has been preparing for this instructional segment for the past four months, and he
strategically alerted students to look at the Moon in the sky throughout the week and notice
changes in what they saw. Also, he often starts the day by showing pictures of the Moon he
took with his cell phone or found online. He posts those pictures in a corner of the classroom
with a label indicating date and time. Most of the students already know that the Moon has
a different appearance on different days of the month. Most of them, however, have not
observed the Moon during daytime, and they were surprised when Mr. O pointed out the
Moon in the sky one morning while they were in the playground before class. Mr. O created a
space in this corner for students to write questions about the Moon. He introduces the unit by
projecting a sample of the student questions. Students are excited when he announces that
later that day, the class would address this question of how big the Moon is.
Da

o
ig is t e oon
Students discuss their prior knowledge about the relative size of different objects in the
solar system. They then create a scale model using a playground ball to represent Earth.
Da

Scale in t e art Sun oon S stem
Students extend their scale model to include the full Earth-Sun-Moon system, including
their relative sizes and distances apart.
Da

loring oon P ases Com uter e resentation
Students make virtual observations of the moon using planetarium software. They analyze
their data, recognize patterns, and use those to make and test predictions.
Da

loring oon P ases P sical e resentation
Students make a physical model of the Earth-Sun-Moon system using their bodies to
represent Earth.
Da s
De elo ing a o el to
lain oon P ases
Students use their physical model to explain moon phases and then depict their model
using pictorial models that they refined.
Da

Soli if earning
out oon P ases an
ten earning
roug
ea ings
Students obtain information about the moon’s surface and ask questions about what they
could see from Earth in relation to their model.
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oon

enomenon Students look up at the Moon and wonder, How big is

Mr. O initiated the instructional segment by asking students to open their notebooks,
write the numbers 1–8 down the next blank page, and title it “Relative Diameters.” On the
interactive whiteboard, he projected a slide from a multi-media presentation Two Astronomy
Games that showed nine images, each identified by a letter and a label (Morrow 2004). The
images were the Sun, Earth, a space shuttle, the Moon, the solar system, Mars, a galaxy,
and Jupiter. Students were asked to number the objects in order from smallest (number
1) to largest (number 8) and from nearest to the surface of the Earth to farthest from the
surface of the Earth. As the students marked their choices on their own, Mr. O walked among
the students to gain insight regarding their prior knowledge. He planned to have students
come back to this page later. Kevin, one of the most talkative students, seemed pleased and
announced, “I love to study space!”
Mr. O moved to the front of the classroom and picked up a standard-sized playground ball
in his hand. He asked the class to imagine the ball was Earth and he wrote down the class’s
consensus of the ball’s dimensions that they had measured in math class. The diameter of the
ball was 42 cm. Then he presented the class with a box of seven balls in a variety of sizes and
listed their dimensions on the interactive whiteboard. He asked, “If Earth were the size of this
playground ball, which of these balls would be the size of the Moon?” One student from each
table came up and chose the ball they thought would be correct. Their choices varied from a
softball to a small marble.
Before going further, the class reviewed the term diameter, and Mr. O asked, “If you know
that Earth’s diameter is 12,756 kilometers and the Moon’s diameter is 3,476 kilometers, with
your table groups, come up with a method to see if the ball you chose is the right size for this
size Earth (holding up the playground ball).” ( using mathematics and computational thinking
uantit CCC
) (CA CCSSM.6.RP.3)
[SEP-5] ) ( scale ro ortion an
After some discussion time, students reported their calculations. One group noticed that
the ratio between the diameters was approximately 4:1, Earth to Moon. A student asked how
they made that determination. Jeff responded, “If you estimate using 12,000 and 3,000, three
goes into twelve four times.” He showed on the interactive whiteboard how four circles of a
Moon model fit across the diameter of an Earth model. Mr. O said, “Now look at your ball as a
Moon model and decide if you think it is the correct size. What can you do to be sure? Decide
on a process.” He let them use the playground ball as needed. (MS-ESS1.A)
Each group reported its findings and methods for determining whether or not the choice
would be correct. One group made lines on paper to represent the diameter of their ball and did
the same for the playground ball. Using those measurements and the 4:1 ratio, they decided if
their Moon was the correct size. Another group used string to measure the diameter of the
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balls and then determined whether or not it was correct. Still another group held its ball up
against the playground ball and moved the ball four times while marking the playground ball
with a finger to see if the ball was the correct size for the model of Earth.
All groups reported their findings to the classroom. Kevin was agitated as he explained,
“I told my group they were not right. The racquetball is the only one that is possible as the
Moon, but they wouldn’t believe me.” Mr. O asked Kevin to restate the rule for when his group
disagrees. Kevin thought and said, “When my group disagrees, I listen and then tell them
what I think.” The classroom came to a consensus that the racquetball was the correct size
ball to represent the Moon for the playground ball to represent the Earth.
Da

Scale in t e art Sun oon S stem
The next day, Mr. O showed the students a table with the results of careful scientific
measurements of the distance from the Earth to the Moon and the diameter of Earth in
kilometers. He asked them to figure out the distance between Earth and Moon in the model
and to show it using string. Students were shocked at the distance the Moon was from Earth
in this model. Their estimates had been much lower.
The class continued this activity by choosing balls of the correct sizes for the Sun and
Earth. Students also considered the relative size of the Sun and the distance of the Sun from
Earth in the model. They used the evidence [SEP-7] of the diameter of the Sun and its
distance from Earth in the same way they determined the size and distance of the Moon from
Earth. Some students were surprised at the size of the Sun and its distance from Earth in this
model. Jeff decided that they could not fit the Sun in the room. He explained that it would
take over 100 playground balls to approximate the Sun’s diameter. Jeff was eager to share his
mathematical skill at finding the answer: “I know the answer! It would take almost 12,000
playground balls lined up to show how far away the Sun would be in this model.” ( scale
ro ortion an
uantit CCC
)
The students returned to their initial ideas on the “Relative Diameters” page in their
notebooks, renumbered the objects, and wrote any ideas that had changed after making the
model. After giving students time to record their responses, Mr. O showed images of the items
on the interactive whiteboard and led a discussion about the great distances between objects
in the solar system in preparation for modeling the Moon’s phases (MS-ESS1.B).
Da

loring

oon P ases Com uter

e resentation

n estigati e P enomenon The Moon rises and sets each day and changes phase
throughout the month.

For this lesson sequence, Mr. O considered the makeup of the table groupings of students.
He wanted all students to have support while determining methods to check their choice
of the Moon model, so he grouped students with that concern in mind. He used physical
representations of Earth and the Moon and had students represent the distance physically,
thereby assisting them in visualization and comprehension.
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Mr. O downloaded open-source planetarium software onto his interactive whiteboardconnected computer as well as onto the 14 student computers in his classroom. Each student
also received a one-page calendar, and the students were instructed to use it to collect data
using the software. Mr. O launched the program on the interactive whiteboard, introduced the
students to the software, and showed them how to change the date and set up the scale Moon
so they could see the phases. Mr. O also showed how the Moon’s and Earth’s orbital planes
are offset by five degrees in an effort to help students understand how light can illuminate the
Moon when it is on the other side of Earth without being blocked by Earth’s shadow.
Recording began on the first Sunday on the calendar and ended on the last Saturday,
resulting in five weeks of data to analyze [SEP-4] . Mr. O modeled how to record data on the
whiteboard next to the interactive whiteboard. Students recorded the time and direction of
moonrise and moonset as well as the apparent shape of the Moon in the sky for each date.
To make sure that students understood the process and were recording accurately, he walked
through the room and checked student work throughout the lesson.
During this data-collection process, the students were told to focus their attention on the
Sun-Moon relationship so they could see light from the Sun traveling in a straight line to the
Moon. The Moon was in the sky as the Sun was rising, and they focused on the Moon so that
they could use the model for predictions. Mr. O asked, “Does anyone know where the Sun
is right now?” Brady responded, “It’s more to the east and still rising.” Using the time and
date function in the program, Mr. O advanced the time to show the sunrise and said, “Look
at the Sun and Moon. What pattern do you notice about the light on the Moon in relation to
the Sun?” ( patterns [CCC-1] ) Hillary answered, “It is going from the Sun to the Moon.” Mr.
O responded, “Hmm. The light travels in a straight path from the Sun to the Moon. You have
already learned that light travels in a straight line. Can we use that information to predict the
position of the Sun even if we can’t see it? Let’s try as we continue.”
n estigati e P enomenon The Moon rises and sets at a different time each day.

After collecting six days of data, Mr. O asked students to look at the pattern in their data
and predict the time and direction for moonrise and moonset on the next day. Bringing their
attention to the patterns in the data he asked, “What time do you think the Moon will set on
this day? The last time was 12:09.” Mark said, “I think 12:59.” Mr. O advanced the time in the
software until the moonset—at 13:08. Jeff called out, “So it is setting about an hour later each
time.” To reinforce the language Mr. O will use on many occasions throughout the instructional
segment, he asked the following question, “What does that tell us about the planets and the
Moon? They all move …” and students responded, “… in predictable patterns.”
A student said, “So let’s see if that pattern [CCC-1] continues the whole month.” Once
Mr. O was satisfied that the students had a foundation for data collection and that they were
not just copying numbers from the software into their worksheet calendar, he told them to
move to their computers in partners so they could work more independently to complete the
data collection on the calendar. The students continued to record data about sunrise and
moonrise until all the days in the handout calendar were filled.
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enomenon The Moon changes phase throughout the month.

After students completed the calendar using the computers, Mr. O started a related activity
in which they modeled Moon phases using Styrofoam balls, their heads, and a lamp with a
bare bulb. In small groups, students stood in a circle around a lamp representing the Sun,
holding a Styrofoam ball on a stick representing the Moon. They held the ball at arm’s length
and rotated their bodies using their heads as a representation of Earth so they could see the
Earth view of the Moon in all its phases in the lit portion of the ball. Mr. O directed Nicole to
look at the Styrofoam ball and the changing shadow. “What? I don’t see the shadow.” Mr. O
pointed out the curve of light on the Moon. “I see it!” Nicole said. The students went through
the phases, drawing and naming each one in their notebooks. Having small groups allowed
Mr. O to make sure that all students could see the lit portion on the Styrofoam balls for each
phase and that they were able to accurately illustrate the phases in the model, giving him the
opportunity to physically move them into position as necessary. He frequently checked with
students in the groups to show them how to reproduce the position of the Styrofoam ball
corresponding to the drawings in their notebook (figure 6.2)
igure

Stu ents

o el

oon P ases

Source: NASA’s Jet Propulsion Laboratory 2010
For this activity, Mr. O expected all students to observe that the lit segment of the Moon’s
face increased, decreased, and increased again relative to the part in shadow. He also
expected students to notice that the lit side of the Moon was on the left after the full Moon
phase and on the right after the new Moon phase, as viewed from Earth.
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Da s
De elo ing a o el to
lain oon P ases
The next day, Mr. O pulled out large whiteboards and instructed the students to collaborate
on making a drawing that explained how the model of the Moon phases illustrated changes
in the apparent shape of the Moon. Mr. O started the lesson telling students they were going
to make their thinking public by producing small group models. Students first organized their
individual understanding by sketching and labeling the apparent changes in the moon based
on what they observed and discussed in class. Next they took turns sharing their ideas with
their group, noting similarities and differences. Mr. O walked the classroom, listening to the
progress as each group member shared. He reminded some groups of the classroom norms of
respect and responsibility when participating in a group discussion. After each group reached
a consensus on the elements that explained the apparent changes in the shape of the moon,
the group acquired a large whiteboard and produced a consensus model to share with the
class (figure 6.3). Based on what they learned in the previous days, they discussed limitations
of the models [SEP-2] —the things that a model is unable to show accurately. For example,
the students identified the relative sizes of the Sun, Earth, and Moon as well as the relative
distances between each as being inaccurate in this model.
igure

rou Consensus

o el of

oon P ases

Source: Fraknoi/Astronomical Society of the Pacific 1989
The following day, Mr. O announced they were doing a “Sticky Note” gallery walk of the
models where each group would visit each of the models, consider and discuss them, and
then provide feedback on a color-coded sticky note. Three different colors were used: one
for questions, one for additions, and one for suggested revisions. Students were reminded
that the purpose of the feedback was to help the authors clarify the thinking that went into
their models. Mr. O provided sentence frames to help students form questions, additions, or
suggested revisions. As the students walked and discussed, the use of color coding helped to
focus their discussion and make it productive.
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After completing the gallery walk, each group organized the sticky notes it had received by
the type of comment and then made revisions to their model based on the feedback.
Over the next two days, Mr. O called on small groups of students to use another
physical model [SEP-2] showing Moon phases. This one used golf balls that were painted
black on half of the sphere, leaving the other half showing the side of the Moon lit by the
Sun (Young and Guy 2008). The golf balls were drilled and mounted on golf tees so they
would stand up on a surface. Mr. O had two sets—one on a table that showed the Moon in
orbit around the Earth in eight phase positions as the space-view model; the other placed the
model Moons on eight chairs circled in the eight phase positions to show the Earth-view model
(figure 6.4).
igure
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o els S o ing

oon P ases

Source: NGSS Lead States 2013a, Case Study 3
First, students were shown the space-view model and asked what they noticed about
the representations of the Moon. Mr. O wanted them to notice that the white sides of all the
balls (showing light) faced the same direction. He asked them to identify the direction of
the Sun. Then Mr. O drew the students’ attention to the model on the chairs, the earth-view
model. All the balls in this model faced the same direction as those in the space-view model.
Students again identified the direction of the Sun and noted that the position of the moons
in both models [SEP-2] was the same (MS-ESS1.A). One at a time, students physically got
into the center of the circle of chairs and viewed the phases at eye level, which simulated
the Earth view of each phase. Also, students compared their drawing on the whiteboard
illustrating the model of the Earth–Sun–Moon system with what they were seeing now. This
activity made the diagram, often found in books and worksheets showing both views on the
same diagram, less confusing to the students.
Throughout the lesson sequence, Mr. O continually formatively assessed students’
progression of learning through observations and classroom discourse. If he noticed students
needed more experience with Moon phases, he provided them with additional activities, such
as videos and Moon-phase cards. In one formal assessment of understanding, Mr. O paired
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students so that one was assigned to be the Earth and the other the Moon. He designated
one wall of the classroom as the Sun and then asked the Moons to show different phases.
The students switched roles so that Mr. O could assess everyone. He also used this model to
demonstrate the Moon’s coincident rotation and revolution. In another formal assessment, he
asked students to draw a model on whiteboards showing the relationship of the Earth, Moon,
and Sun in full Moon phase.
Da

Soli if earning
out oon P ases an
ten earning
roug
ea ings
Mr. O brought all students together the following day to create a foldable showing the
Earth view of the Moon phases similar to diagrams found in books. Students created their
Moon phases using eight black circles and four white circles, cutting the white circles to make
two crescent moons, two gibbous Moons and two quarter Moons. The white circle pieces were
placed on the black circles to create the phases and later glued on the foldable.
Students partnered to read The Moon by Seymour Simon (2003). Mr. O asked them to pay
attention to how the book described the Moon’s phases and asked them to write a reflection
about how it related to their model in their science notebook. Students used the information
[SEP-8] in the book to label the Moon’s phases on their foldable, write about the Moon’s
surface, and record any new questions [SEP-1] that arose from their reading. Kevin asked,
“When is the next solar eclipse? The next lunar eclipse?” Jeanette questioned, “What samples
were brought back from the Moon?” And Nicole wanted to know, “Where did Americans land
on the Moon?” To support their reading of the text, the teacher gave Hillary, Brady, and Jeff
the option of being paired with students who had more advanced reading skills. The teacher
allowed students who finished with the entire reading task to use text materials and Internet
resources to research answers to the questions they developed when reading The Moon.
The teacher planned to use the answers to these questions during the next few days. For
example, Mr. O might have students revisit the physical model of the Earth–Sun–Moon system
to explain solar and lunar eclipses (MS-ESS1-1).

Vignette Debrief
The two performance expectations that Mr. O selected in this vignette required students to
develop models of objects in the solar system, but this vignette only addressed the Earth–Sun–
Moon system. Assessment of these performance expectations could include any objects in the
solar system, so Mr. O would need additional activities to fully prepare his students to meet the
performance expectation. Mr. O would devote specific time for his students to relate this Earth–
Sun–Moon model to the entire solar system. How were the relationships between the new
components of the system similar to the Earth–Sun–Moon system? How did they differ?
SEPs. Students developed and used models [SEP-2] based on three different
representations of the system: a computer animation (day 3), a kinesthetic model (day 4),
and a pictorial model (days 5–7). In both the computer animation and the kinesthetic model,
they viewed the model from an Earth-centered view (within the system) and a solar-system
view (outside the system). They developed models collaboratively, using data they had
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collected and analyzed [SEP-4] , and then revised their models taking into account input from
other groups of students. They considered how their models explained [SEP-6] or related
to information [SEP-8] in texts on day 8.
DCIs. ESS1.A (The Universe and Its Stars) and ESS1.B (Earth and the Solar System)
overlap in the middle grades, with both disciplinary core ideas emphasizing models of objects
in the solar system. While students had observed patterns of motion in the night sky in earlier
grades, they didn’t really develop a detailed model that explained the motion until this vignette
in the middle grades (ESS1.A). Understanding the relative size of solar system objects is an
important precursor to more advanced understanding of gravity in high school (ESS1.B, PS2.B).
CCCs. Students began on days 1–2 focusing on scale [CCC-3] as they
constructed models [SEP-2] of relative sizes and distance of the Sun and planets. With
guidance from their teacher, students used the ratios of the diameters of Earth and its Moon
to construct a class model of the relative sizes of the two objects. Using distance and Earth’s
diameter or circumference ratios, they also constructed a distance model of those objects. In
addition, the relative size of the Sun and the relative distance from Earth in this model were
calculated and described although not constructed (due to the constraints of the room and
location). Throughout the vignette, a variety of models [SEP-2] were used to help students
identify patterns [CCC-1] in the positions of the Earth, Moon, and Sun relative to one another
and to explain moon phases.
Students made predictions about the data collected and recorded them on the
calendar, using the lens of the crosscutting concept of patterns [CCC-1] . When analyzing
and interpreting the data [SEP-4] , they identified the patterns in the Earth–Moon–Sun
relationship. The pattern made by the lit portion of the Moon was observed and recorded.
C CCSS Connections to nglis
anguage rts an
at ematics Students were
engaged in small group work activities, both listening to their peers’ ideas and sharing their
own thoughts. Students used the text in The Moon book to label each phase of the Moon in
their graphic organizer foldable (RI.6.7). In addition, they summarized information about the
surface of the Moon inside their foldable (RST.6–8.2). Finally, students created models from
data that they collected (RST.6–8.7).
When comparing sizes and distances, students were challenged to find ways of comparing
numbers, applying MP.1. In addition, students used rounding and estimation to calculate the
quotients in the ratios, both skills developed in earlier grades. Throughout the instructional
segment, students reasoned quantitatively as they compared the sizes of the Earth and Moon
(MP.2). As students made conclusions about which ball was the Moon, they argued for their
selection and agreed or disagreed with each other using their calculation (MP.3).
esources
Adapted from NGSS Lead States. 2013a. Appendix D Case Studies, Case Study 3. http://www.
cde.ca.gov/ci/sc/cf/ch6.asp#link7
Fraknoi, Andrew. 1989. “The Moon: It’s Just a Phase It’s Going Through…” Universe in the
Classroom 12 (Winter 1988–1989): 1–4. http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link8
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Morrow, Cherilynn. 2004. Two Astronomy Games. Space Science Institute, http://www.cde.
ca.gov/ci/sc/cf/ch6.asp#link9
NASA’s Jet Propulsion Laboratory. 2010. Moon Phases Demonstration, full image demonstration.
http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link10
Simon, Seymour. 2003. The Moon. New York: Simon and Schuster.
Young, Timothy, and Mark Guy. 2008. “The Moon’s Phases and the Self Shadow.” Science and
Children 46 (1): 30–35.

Disci line S ecific ra e Si nstructional Segment
tmos ere lo s of nerg
During the middle grades, students identify some basic patterns [CCC-1] in
Earth’s climate and develop a model [SEP-2] of the factors that cause [CCC-2] those
patterns. The model is simple and related primarily to one part of Earth’s energy [CCC-5]
balance, the input from the Sun. They extend this model in high school (HS-ESS2-4).
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Guiding Questions
• Why is it cold at the North Pole?
• What causes California’s summers to be hot and dry? What causes the changes between
summer and winter?
• Why is there more rain in Northern California than Southern California?
• What effect do humans have on Earth’s climate?
Performance Expectations
Students who demonstrate understanding can do the following:
S SS
Develop and use a model of the Earth–Sun–Moon system to describe the cyclic
patterns of lunar phases, eclipses of the Sun and Moon, and seasons. [Clarification Statement:
Examples of models can be physical, graphical, or conceptual.] (Continued from IS1)
S SS
Develop and use a model to describe how unequal heating and rotation of the Earth
cause patterns of atmospheric and oceanic circulation that determine regional climates. [Clarification
Statement: Emphasis is on how patterns vary by latitude, altitude, and geographic land distribution.
Emphasis of atmospheric circulation is on the sunlight-driven latitudinal banding, the Coriolis
effect, and resulting prevailing winds; emphasis of ocean circulation is on the transfer of heat by
the global ocean convection cycle, which is constrained by the Coriolis effect and the outlines of
continents. Examples of models can be diagrams, maps and globes, or digital representations.]
[Assessment Boundary: Assessment does not include the dynamics of the Coriolis effect.]
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Construct an argument supported by evidence for how increases in human
population and per-capita consumption of natural resources impact Earth’s systems. [Clarification
Statement: Examples of evidence include grade-appropriate databases on human populations
and the rates of consumption of food and natural resources (such as freshwater, mineral,
and energy). Examples of impacts can include changes to the appearance, composition, and
structure of Earth’s systems as well as the rates at which they change. The consequences of
increases in human populations and consumption of natural resources are described by science,
but science does not make the decisions for the actions society takes.
S SS
Ask questions to clarify evidence of the factors that have caused the rise in global
temperatures over the past century. [Clarification Statement: Examples of factors include human
activities (such as fossil fuel combustion, cement production, and agricultural activity) and natural processes (such as changes in incoming solar radiation or volcanic activity). Examples of
evidence can include tables, graphs, and maps of global and regional temperatures,
atmospheric levels of gases such as carbon dioxide and methane, and the rates of human
activities. Emphasis is on the major role that human activities play in causing the rise in global
temperatures.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

ESS1.A: The Universe and Its Stars

[CCC-1] Patterns

ESS1.B: Earth and the Solar
System

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-2] Developing and
Using Models
[SEP-7] Engaging in
Argument from Evidence

ESS2.C: The Role of Water in
Earth’s Surface Processes
ESS2.D: Weather and Climate

[CCC-4] Systems and
System Models

ESS3.C: Human Impacts on Earth
Systems

[CCC-7] Stability and
Change

ESS3.D: Global Climate Change
Other Necessary DCIs:
PS3.B: Conservation of Energy and
Energy Transfer
PS4.B: Electromagnetic Radiation
ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
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Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
C CCSS

at Connections MP.2, MP.4, 6.RP.1, 6.EE.6, 7.EE.4a–b, 7.RP.2a–d

C CCSS for
C

iterac Connections SL.6.5, RST.6–8.1, WHST.6–8.1a–f, 9

D Connections ELD.PI.6.6a–b, 9, 10, 11a

Student models [SEP-2] begin at the simplest level with recognizing that the Earth
warms where it receives solar input. Students can discover this pattern by looking at a map of
temperature in the early morning across the United States. Look at figure 6.5 and draw a line
dividing the country in half. What explains this simple pattern [CCC-1] ? The Sun has risen
already across the East Coast and has warmed it up. Students can also identify other trends
such as the warming towards the southern half of the country and the behavior of California,
which appears warmer than its neighbors despite the fact that the Sun has not yet risen.
Figure 6.5. Sunlight and Temperature

Map of temperatures around the country recorded at 5:00 a.m. in California. The image reveals the
importance of sunlight in affecting the temperature near Earth’s surface. Source: National Weather
Service 2017
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Average Temperature Versus Latitude
Figure 6.5 is just a snapshot in time that quickly changes, but there are also trends that
last much longer. Should you bring beach clothes or a warm coat on a trip to Antarctica?
How about San Diego, where it has only snowed five times there in the last 125 years? How
about Lake Tahoe, which typically receives more than 10 feet of snow in the winter but is
a popular recreation area for swimmers and boaters every summer. Different cities tend to
have predictable patterns [CCC-1] in their weather that depend on the city’s location and
the time of year (their “climate”). Students investigate [SEP-3] these patterns across the
globe by obtaining temperature information [SEP-8] from Web sources (such as National
Oceanic and Atmospheric Administration (NOAA), National Centers for Environmental
Information, Global Historical Climatology Network-Monthly (GHCN-M) accessed at http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link11) or from a simplified version for teaching (see
WebInquiry, “Temperature” accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link12).

ortunities for

at ematics Connections

Students plot climatograms showing the average temperature for each month (CA
CCSSM 6.SP.4). They calculate the average temperature of each city over the entire
year, as well as the difference in temperature between the hottest month of the year
and the coldest (CA CCSSM 6.SP.2, CA CCSSM 6.SP.3).

How much does the latitude affect a location’s climate? Students can construct dot plots
of both the average annual temperature versus latitude and the temperature range versus
latitude (i.e., the difference between the hottest and coldest month) (figure 6.6). When
they analyze the data [SEP-4] , they notice some patterns [CCC-1] . Students probably
already knew that it was cold at the North Pole, but why is there such a large temperature
range at the poles and not at the equator? Within 20 degrees of the equator and 20
degrees of the poles, latitude does not have a major impact on climate and cities share
fairly similar climates to one another. In between these sections of the Earth, climate varies
greatly with latitude. Students should start asking questions [SEP-1] about the cause of
these differences.
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Graphs by M. d’Alessio with data from National Oceanic and Atmospheric Administration, National
Centers for Environmental Information n.d.

Like the temperature map in figure 6.5, these long-term temperature differences relate
to the difference in energy received from the Sun. How can the equator appear to receive
more energy than either of the poles despite the fact that they all receive their energy from
the same Sun? The key is that the Earth is a sphere. Sunlight arrives at Earth as parallel
rays (figure 6.7) but hits the surface at nearly a 90° angle near the equator and at flatter/
smaller angles near the poles because of Earth’s round shape. The light spreads out over a
larger area near the poles (figure 6.8), meaning that each square foot patch of the surface
receives a smaller proportion [CCC-3] of the energy coming from the Sun than that same
patch does at the equator, which causes the sunlight on that patch to be less intense. When
the sun shines down at a 90° angle, a patch of land receives twice the energy compared to
a 30° angle, so this effect has a big impact on the temperature.
Figure 6.7. Earth–Sun System Scale

Sun

Earth

(too small to see at this scale)

A scale illustration of the Earth–Sun system (top). The Sun is 5 pixels wide and the Earth is 1075 pixels
away, but is only 0.05 pixels wide, which is too small to display. At this scale, it is easier to recognize that
rays of sunlight arrive at Earth as parallel rays at all latitudes (bottom). Diagram by M. d’Alessio.
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Students perform an investigation [SEP-3] of the relationship between light intensity
and angle by shining a flashlight at a piece of paper at different angles while keeping the
distance between the light and the paper constant (NASA 2008). Students can directly
observe how the patch of light gets dimmer when it strikes the page at a low angle and
spreads out over a large area. While a piece of paper is flat, students simulate the parallel
rays of sunlight arriving at Earth by shining their flashlight on a round ball and observing
how the patch of light is small and intense near the equator but spreads out near the poles.
Figure 6.8. Angle of the Sun’s Rays Affect Intensity
Close to noon

Sun angle
changes
throughout
the day

same size patch
of land receives
a smaller proportion
of the Sun’s energy.

Sun hits
close to 90°

Sun angle
varies with
latitude

Close to Sunrise or Sunset

Sun hits at
smaller angle

Near
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Sun hits
close to 90°

Near
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Sun hits
at smaller
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same size patch of land
receives a smaller proportion
of the Sun’s energy.

Effect of the angle of the Sun’s rays on area of the Earth’s surface it illuminates. At angles smaller than
90 degrees, the energy is spread out over a larger area. The effect is important as the Sun moves
across the sky during one day (top) and at different latitudes across the planet (bottom). Diagram by
M. d’Alessio.
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ngineering Connection Solar

rra Design

This concept has important engineering applications for solar energy. California
hosts several of the world’s largest arrays of solar panels. When people place solar
panels on their roofs, the angle of the panels is usually fixed by the angle of the
roof. To maximize efficiency at large solar power arrays, the motors constantly
turn the panels so that they face the Sun at an angle as close to 90 degrees as
possible to get the maximum energy output. Students can experience this effect in
a classroom with a small solar panel hooked up to an electric motor. As they rotate
the solar panel to change the angle of sunlight, the energy output changes [CCC-7]
so that the motor turns at a different speed (New York State Energy Research and
Development Authority 2015). Students could engage in an engineering challenge to
design a rotating base for solar panels that has the necessary range of movement
(both tilting and swiveling) and uses low-cost materials (MS-ETS1-1, MS-ETS1-2).

Uneven Heating and the Earth’s Circulation System
The uneven heating between the equator and the poles is the root cause [CCC-2] of
all Earth’s ocean and wind currents. They carry hot material (water in the oceans and air
in the atmosphere) from the equator towards the poles in a large-scale convection current.
Convection is a cycling of matter [CCC-5] driven by the flow of energy [CCC-5] (connects
to MS-ESS2-1, though assessment of that performance expectation focuses largely on the
solid Earth). As hot material moves poleward, colder material moves towards the equator.
Without currents, the temperature would be extremely hot at the equator and frigid toward
the poles—and much less of Earth’s land would be habitable. Sunlight heats Earth’s surface,
which in turn heats the atmosphere. At the global scale, wind currents are dominated
by three different directions of motion: (1) hot material rising vertically upward and cold
material sinking vertically downward due to convection; (2) hot material from the equator
moving northward towards the poles and cold material moving southward towards the
equator due to convection; and (3) east-west apparent motion of material driven by Earth’s
rotation. Ocean currents undergo similar motions modified by collisions with the coastlines
that disrupt these ideal motions. While wind directions also change when they rise up and
over mountains or flow around them, the difference is less than in the ocean where water
cannot go above or below the coastline but must change direction completely (either turning
along the coast or returning back the way it came as a current flowing at a different depth).
Under the 1998 California Science Standards, students discussed convection in both
grades five and six, but under the CA NGSS this instructional segment is likely the first
time students encounter the concept of convection. They will therefore need hands-on
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experience with the process to develop mental models [SEP-2] of convection. These
models begin with simple visualizations of convection using miso soup, rheoscopic fluid, or
food coloring with water that allow students to recognize some general patterns [CCC-1]
of motion. They can then conduct more detailed investigations [SEP-3] mapping out the
motion of individual particles to provide evidence that supports the argument [SEP-7]
that uneven heating causes [CCC-2] these patterns (see UCAR, Atmospheric ProcessesConvection at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link13). They can conduct
investigations [SEP-3] of density and how objects expand when heated so that they

can explain [SEP-6] how convection is driven by gas or liquid expanding and rising as
it becomes less dense. Students should be able to apply their model of convection to
predicting the direction wind or water will move when exposed to uneven heating at the
regional scale [CCC-3] (a part of MS-ESS2-6). In India, changes in the heating differential
between winter and summer cause the prevailing wind direction to reverse direction almost
completely, creating their famous monsoons. Along the California coastline, we see this
effect every day as the wind switches direction from morning to evening as the temperature
difference between land and water switches direction.
Understanding how convection works at the global scale [CCC-3] helps explain
many patterns [CCC-1] in wind and precipitation. The strong temperature difference
between equator and poles sets up convection, but as air masses move northward, some
of their energy flows [CCC-5] to their surroundings through cooling and drag. As a result,
air from the equator does not make it all the way to the poles before it sinks back to the
surface. Instead, our present-day atmosphere involves three major convection cells divided
into latitudinal bands (figure 6.9). Regions at the boundary between these convection cells
tend to be areas with more dramatic weather: where both convection cells have air rising,
thunderstorms are generated while the convergence between air masses at the upper midlatitudes typically gives rise to rainier weather patterns.
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Figure 6.9. Latitudinal Bands
Convection
Cells

Convection
Cells

Latitudinal bands in Earth’s atmospheric circulation. Source: Adapted from Summey n.d.

Climate patterns [CCC-1] are not permanent, and changes [CCC-7] to the energy
balance on the planet can cause [CCC-2] changes [CCC-7] to convection. The convection
cells migrate with the seasons as well as with local temperature variations. We see these
changes as migrations of the jet streams, high velocity winds that race in the upper
atmosphere along the boundary between convection cells. In wintertime, the convection cell
boundary moves towards the south, bringing California its rainy winters that dry up in the
summer as the convection boundary migrates back northward. Southern Europe is located
at a similar latitude, so it has a similar pattern of weather, which is why our climate is often
referred to as a Mediterranean climate. Students may not realize that large portions of the
planet actually get the majority of their rain in the summer and that our distinctive climate
is due to our position on the globe.
In addition to seasonal changes [CCC-7] to the energy balance on the planet, changes
[CCC-7] at longer timescales [CCC-3] can also occur. Computer simulations show that

in periods of geologic history when there was a smaller temperature differential between
the equator and poles, Earth may have had one large convection cell for each hemisphere
spanning the entire region from equator to pole. Future climate changes may again disrupt
wind and ocean currents.
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Additional Background for Teachers on Coriolis Effects
If simple convection were the only process controlling air movements, all wind would
flow in the north-south direction, but we know that is not true. Earth’s rotation modifies
this path. The assessment boundary for MS-ESS2-6 states, “Assessment does not include
the dynamics of the Coriolis effect,” so the exact details of this process are not essential
for students but it may be desired by curious teachers and students. Air rotates around
the Earth just like the solid planet beneath it rotates. Material races around the equator at
1,700 km/hr to complete one full rotation in 24 hours, but it hardly needs to move at all
near the poles. As a parcel of air travels from the fast moving equator towards the poles,
it is moving faster in the direction of Earth’s rotation than the ground underneath it. From
our perspective on the surface, it appears to be veering off in the direction of Earth’s
rotation. Air moving from the poles towards the equator is moving slower than the ground
underneath it, so it gets “left behind” and appears to make a turn away from the rotation
direction. Together, these deflections set up predictable bands of wind direction near the
surface, and give rise to jet streams in the upper atmosphere.

Angle of Sunlight and Seasons
The angle of the Sun’s rays is also important for determining the variations in
temperature during Earth’s seasons. Students combine their understanding of the effect
of sunlight angle on energy input from this instructional segment with the orbital motions
in the previous instructional segment to create a model [SEP-2] that explains the reason
for Earth’s repeating pattern [CCC-1] of seasons (MS-ESS1-1). Students can make these
connections using a physical model where their own body represents the motion of the
planet (see Space Science Institute, Kinesthetic Astronomy at http://www.cde.ca.gov/ci/
sc/cf/ch6.asp#link14). They tilt their body towards or away from the Sun at the same 23.5
degrees tilt as the Earth and move around Earth’s orbit, making sure that their tilt axis
always points towards the North Star. As they move from one side of the Sun to the other,
they see how the angle of the Sun’s rays changes [CCC-7] in the different hemispheres:
in the Northern Hemisphere summer, the tilt brings the angle of the Sun’s rays closer to 90
degrees while it makes the angle smaller in the Southern Hemisphere. Computer simulations
allow students another way to visualize these changes (see NOAA Climate.gov, Seasons and
Ecliptic Simulator, accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link15).
Learning a scientifically accurate model for the seasons is often impeded by students’
incoming preconceptions (documented vividly in the short documentary Private Universe
[Harvard-Smithsonian Center for Astrophysics 1987] and in review articles [Sneider, Bar,
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and Kavanagh 2011]). Most notably, students often incorrectly believe that the Earth
is closer to the Sun in summer and farther in winter. In this example course sequence,
seasons are deliberately placed in a separate instructional segment from the discussion of
orbits specifically to increase the association between seasons and Sun angle instead of
reinforcing an incorrect connection between seasons and orbital distance. Nonetheless,
many students will still harbor this preconception and it must be addressed. Interactive
3-D simulations have been shown to help students confront this preconception (something
similar to this simulation can be found at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link16; it is
also described in Bakas and Mikropoulos 2003). In these virtual worlds, students view the
Earth–Sun–Moon system [CCC-4] from various viewpoints and control different aspects,
including rotation and revolution rates, and inclination of Earth’s spin axis. The story of
seasons is mostly a story of light and energy absorption. Emphasis should be placed on the
intensity and duration that sunlight shines on a particular patch of Earth’s surface. Because
Earth’s tilt causes the Sun to appear to travel across the sky along a different path during
summer versus winter, the Sun shines for longer days (causing longer duration sunlight) and
from higher angles in the sky (causing sunlight to appear more intense on a given patch of
the surface). Together, these give rise to warmer summers and cooler winters.

Climate Change
Weather changes [CCC-7] on many different timescales [CCC-3] . There are trends
and patterns [CCC-1] that occur over hours, days, seasons, years, decades, and millennia.
Shorter-term variations are discussed in the next instructional segment. Scientists typically
use the word climate to describe patterns of weather that change over longer timescales.
Many textbooks overemphasize the difference between the terms weather and climate; they
are not different things but instead describe patterns and changes in atmospheric conditions
over different timescales. The exact timescale that separates weather patterns from climate
patterns is not universally agreed upon, but climate typically includes patterns that persist for
decades or longer. Often, climate not only refers to the average conditions for a given location,
but also includes a sense of the range of variation throughout the seasons and from year-toyear. Some climate changes may involve relatively small shifts to the average conditions but
substantially more frequent extreme weather (i.e., more severe droughts balanced by more
extreme flooding or frequent heat waves balanced by frequent cold snaps).
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ortunities for

at ematics Connections

Because temperature is a tangible topic and students have experience with its
variation, climate data make an excellent way to engage students in grade six
mathematics standards about statistics (CA CCSSM 6.SP.1-5).

Changes [CCC-7] at each timescale [CCC-3] are driven by different causes [CCC-2] .

Some climate changes in Earth’s history were rapid shifts (caused by events such as
volcanic eruptions and meteoric impacts that suddenly put a large amount of particulate
matter into the atmosphere or by abrupt changes in ocean currents). Other climate changes
were gradual and longer term—due, for example, to solar output variations, shifts in the
tilt of Earth’s axis, or atmospheric change due to the rise of plants and other life forms
that modified the atmosphere via photosynthesis. Scientists can infer these changes from
geological evidence. Students can analyze data [SEP-4] from these scientific observations
to see how each process can correlate with observed changes in climate. Excellent data sets
from tree rings and cherry blossoms exist showing how changes in sunspots and volcanic
eruptions were recorded as changes in plant growth over the last 1,000 years (see National
Center for Atmospheric Research, Investigating Climate Past: The Little Ice Age Case Study
accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link17).
Students begin to analyze data [SEP-4] showing the temperature history over the last
century (figure 6.10). The focus in the middle grades is on asking questions [SEP-1]
about the patterns [CCC-1] they see (MS-ESS3-5). In high school, students will build
a model [SEP-2] that can help explain the mechanisms causing the changes [CCC-7]
they see. While graphs like figure 6.10 are simple enough for students to interpret,
scientists also use more sophisticated interactive displays of data that depict how
temperatures have changed in space and time. More advanced visualizations allow students
to zoom into areas of interest (such as regions within California) and watch the time
progression (see California Energy Commission, Cal-Adapt at http://www.cde.ca.gov/ci/sc/
cf/ch6.asp#link18). As students see the data depicted in new ways, they should be able to
ask more detailed questions. For example, the bottom panel of figure 6.10 shows that the
Northern Hemisphere has warmed more than the Southern Hemisphere. Why? The eastern
part of South America warmed more than the west. Is that due to deforestation of the
Amazon, or does it involve more complex interactions? The lowest temperatures are shortly
after 1900. What caused that? Did it affect the whole planet equally? These are the types
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of questions [SEP-1] we want our students to start asking even though they won’t have
the tools to answer them in grade six.

Opportunities for ELA/ELD Connections
The data on temperature changes can come alive when students obtain information
[SEP-8] about the effect [CCC-2] temperature changes [CCC-7] have on sea level,
glaciers, or storm intensity. Students can review a number of government reports
summarizing these changes: EPA Climate Change Indicators accessed at http://www.
cde.ca.gov/ci/sc/cf/ch6.asp#link19, National Climate Assessment found at http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link20; or NASA’s Climate Effects Web portal at http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link21. Students individually research one aspect and
prepare a summary product and present their findings in small groups. To ensure that
students who may not volunteer to present have equitable opportunities to be heard, the
teacher can strategically select 2-3 students to present to the whole class.
C CCSS for
iterac Stan ar s WHST.6–8.7, 8, 9; RST.6–8.2, SL.6–8.5
C
D Stan ar s ELD.PI.6–8.6
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Figure 6.10. Temperature Changes Over Time
Global Mean Estimates based on Land and Ocean Data
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Temperature changes over time depicted as a graph of average annual temperatures for the entire
globe since 1880 (top) and a map showing changes at different locations, comparing the average from
the first portion of the twenty-first century to the twentieth century (bottom). The twenty-first century
is warmer than the nineteenth and twentieth centuries. Source: NASA 2016

Several possible natural mechanisms do exist that can cause [CCC-2] climate changes
[CCC-7] over human timescale [CCC-3] (tens or hundreds of years), including variations in

the Sun’s energy output, ocean circulation patterns [CCC-1] , atmospheric composition, and
volcanic activity (see ESS3.D). When ocean currents change their flow patterns [CCC-1] ,
such as during El Niño Southern Oscillation conditions, some global regions become warmer
or wetter and others become colder or drier. When scientists make computer simulations that
include only these natural changes [CCC-7] , they cannot match the temperature changes
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from the last century (figure 6.10). But there are also changes caused by human activity
(EP&Cs III, IV). Many aspects of modern society result in the release of carbon dioxide and
other greenhouse gases. Sources of greenhouse gases include automobiles, power plants or
factories that use coal, oil, or gas as an energy source, cement production for buildings and
roads, burning forest and agricultural land, and even the raising of livestock, the digestive
processes of which emit methane. Greenhouse gases increase the capacity of Earth to retain
energy, so changes in these gases cause changes in Earth’s average temperature. Changes in
surface or atmospheric reflectivity change the amount of energy from the Sun that enters the
planetary system. Icy surfaces, clouds, aerosols, and larger particles in the atmosphere, such
as from volcanic ash, reflect sunlight and thereby decrease the amount of solar energy that
can enter the weather/climate system. Many surfaces that humans construct (e.g., roads,
most buildings, agricultural fields versus natural forests) absorb sunlight and thus increase
the energy [CCC-5] in the system [CCC-4] . As students analyze data [SEP-4] about
greenhouse gas concentrations in the atmosphere, they observe a very similar pattern [CCC-1]
to the change in temperature (figure 6.10). In fact, computer models of climate show that
human activities are an important part of the cause [CCC-2] of global temperature changes
(figure 6.11).
Figure 6.11. Global Climate Outputs
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Outputs of different computer models of global climate compared to observations. The colored bands
are thick because they represent hundreds of different models created by many different researchers
using different assumptions. While the models have slight variations in their output, only models that
include human-induced changes can explain the observed temperature record. Source: Adapted from
figure SPM.4 from Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II
and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Core
Writing Team, Pachauri, R.K. and Reisinger, A. (eds.)]. IPCC, Geneva, Switzerland.
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ortunities for

at ematics Connections

Global average temperature rises as human activity emits more greenhouse gases
(figure 6.12). This rate of emission depends on two key variables: population
growth, and energy [CCC-5] consumed per person. Students could construct an
argument from evidence [SEP-7] that connects these population and energy use
ideas to a significant impact on Earth’s systems (MS-ESS3-4). To gather evidence for
their argument, students obtain information [SEP-8] from online resources that list
population and energy consumption patterns [CCC-1] . Students will use mathematical
thinking [SEP-5] to create meaningful comparisons between the energy use in different
states and countries. For example, energy use per person is an example of a unit rate, a
term from ratio thinking in mathematics (CA CCSSM 6.RP.2). People in the United States
use more than twice as much energy per person than the average European country (U.S.
Energy Information Administration n.d.a), probably because our homes are bigger and
spaced further apart. Californians, on average, use less energy per person than nearly
every other state in the United States (U.S. Energy Information Administration n.d.b),
partly due to our mild climate and partly due to effective energy efficiency programs.
Despite this fact, the average Californian still uses more than 10 times more energy than
the average person in the continent of Africa. These comparisons are examples of ratios
and ratio language (CA CCSSM 6.RP.1). Many developing countries around the world
have growing populations and are rapidly changing their lifestyles to include more energy
intensive tools. They will start consuming energy at rates more like California or even the
U.S. average, which could have a huge impact on global climate and global emissions.
Computer models [SEP-2] that forecast changes [CCC-7] in global climate rely on
accurate estimates about energy consumption in the future, and in high school students
will use computer simulations to explore the effects of these assumptions (HS-ESS3-5).
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Figure 6.12. Global Warming Cause and Effect

Graphs with similar trends and patterns illustrate global warming causes and effects. Source: Figure
SPM.1 from Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team,
Pachauri, R.K. and Meyer, L. (eds.)]. IPCC, Geneva, Switzerland.
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California is known for its sunshine more often than its rain and snow, but it relies
on both of these to support its extremely productive agricultural sector and supply water
to its growing population (EP&C I). The previous instructional segment focused on energy
flows [CCC-5] and briefly mentioned the flow of matter [CCC-5] that enabled some of the

energy transfer. This instructional segment looks at the same processes from the perspective
of the cycling of matter [CCC-5] in both the atmosphere and the hydrosphere (EP&C III).
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Guiding Questions
• How do we predict tomorrow’s weather?
• How do the atmosphere and hydrosphere interact to control our valuable water resources?
Performance Expectations
Students who demonstrate understanding can do the following:
S SS
Develop a model to describe the cycling of Earth’s materials and the flow of energy
that drives this process. [Clarification Statement: Emphasis is on the processes of melting,
crystallization, weathering, deformation, and sedimentation, which act together to form minerals
and rocks through the cycling of Earth’s materials.] [Assessment Boundary: Assessment does
not include the identification and naming of minerals.]
S SS
Develop a model to describe the cycling of water through Earth’s systems driven
by energy from the Sun and the force of gravity. [Clarification Statement: Emphasis is on the
ways water changes its state as it moves through the multiple pathways of the hydrologic cycle.
Examples of models can be conceptual or physical.] [Assessment Boundary: A quantitative
understanding of the latent heats of vaporization and fusion is not assessed.]
S SS
Collect data to provide evidence for how the motions and complex interactions
of air masses results in changes in weather conditions. [Clarification Statement: Emphasis
is on how air masses flow from regions of high pressure to low pressure, causing weather
(defined by temperature, pressure, humidity, precipitation, and wind) at a fixed location to
change over time, and how sudden changes in weather can result when different air masses
collide. Emphasis is on how weather can be predicted within probabilistic ranges. Examples
of data can be provided to students (such as weather maps, diagrams, and visualizations) or
obtained through laboratory experiments (such as with condensation).] [Assessment Boundary:
Assessment does not include recalling the names of cloud types or weather symbols used on
weather maps or the reported diagrams from weather stations.]
S SS
Develop and use a model to describe how unequal heating and rotation of the
Earth cause patterns of atmospheric and oceanic circulation that determine regional climates.
[Clarification Statement: Emphasis is on how patterns vary by latitude, altitude, and geographic
land distribution. Emphasis of atmospheric circulation is on the sunlight-driven latitudinal banding,
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the Coriolis effect, and resulting prevailing winds; emphasis of ocean circulation is on the
transfer of heat by the global ocean convection cycle, which is constrained by the Coriolis effect
and the outlines of continents. Examples of models can be diagrams, maps and globes, or
digital representations.] [Assessment Boundary: Assessment does not include the dynamics of
the Coriolis effect.]
S SS
Analyze and interpret data on natural hazards to forecast future catastrophic
events and inform the development of technologies to mitigate their effects. [Clarification
Statement: Emphasis is on how some natural hazards, such as volcanic eruptions and severe
weather, are preceded by phenomena that allow for reliable predictions, but others, such as
earthquakes, occur suddenly and with no notice, and thus are not yet predictable. Examples
of natural hazards can be taken from interior processes (such as earthquakes and volcanic
eruptions), surface processes (such as mass wasting and tsunamis), or severe weather events
(such as hurricanes, tornadoes, and floods). Examples of data can include the locations,
magnitudes, and frequencies of the natural hazards. Examples of technologies can be global
(such as satellite systems to monitor hurricanes or forest fires) or local (such as building
basements in tornado-prone regions or reservoirs to mitigate droughts).]
S SS
Apply scientific principles to design a method for monitoring and minimizing a
human impact on the environment.* [Clarification Statement: Examples of the design process
include examining human environmental impacts, assessing the kinds of solutions that are
feasible, and designing and evaluating solutions that could reduce that impact. Examples of
human impacts can include water usage (such as the withdrawal of water from streams and
aquifers or the construction of dams and levees), land usage (such as urban development,
agriculture, or the removal of wetlands), and pollution (such as of the air, water, or land).]
S SS
Construct an argument supported by evidence for how increases in human
population and per-capita consumption of natural resources impact Earth’s systems. [Clarification
Statement: Examples of evidence include grade-appropriate databases on human populations
and the rates of consumption of food and natural resources (such as freshwater, mineral,
and energy). Examples of impacts can include changes to the appearance, composition, and
structure of Earth’s systems as well as the rates at which they change. The consequences of
increases in human populations and consumption of natural resources are described by science,
but science does not make the decisions for the actions society takes.]
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS2.A: Earth’s Materials and
Systems

[CCC-1] Patterns

[SEP-3] Planning and
Carrying Out Investigations

ESS2.C: The Role of Water in
Earth’s Surface Processes

[SEP-4] Analyzing and
Interpreting Data

ESS2.D: Weather and Climate

[SEP-7] Engaging in
Argument from Evidence

ESS3.C: Human Impacts on
Earth Systems

[CCC-2] Cause and Effect:
Mechanism and Explanation
[CCC-4] Systems and
System Models

ESS3.B: Natural Hazards

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation
[CCC-7] Stability and
Change

Other Necessary DCIs:
PS3.B: Conservation of Energy
and Energy Transfer
D SC P
SP

SP C
D

C
SP

D

S
C C

S
S

C

S

ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
C CCSS

at Connections MP.2, 6.NS.5, 6.EE.6, 6.RP.1, 7.RP.2a–d, 7.EE.4a–b

C CCSS for
C

iterac Connections SL.6.5, RST.6–8.1, 7, 9, WHST.6–8.2a–f, 8, 9

D Connections ELD.PI.6.6a–b, 10, 9, 11a

The instructional segment on weather can be structured around the goal of having
students create a weather forecast for their community. Classroom instruction focuses
on providing students the skills and background they need to complete that task. The
forecast theme allows students to explicitly name the observable variables that describe
their experience with weather: temperature, wind, humidity, precipitation, and air pressure.
Even though the last variable, air pressure, is crucial to understanding weather changes
[CCC-7] , an effective inquiry-based approach does not introduce it as a key variable at the
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beginning. After all, people do not directly sense or feel changes in air pressure. Teachers
focus on the observable quantities and then encourage students to ask questions [SEP-1]
about what causes them to change.
Students then analyze data [SEP-4] , searching for patterns [CCC-1] in the observable
weather variables that give clues about the causes [CCC-2] of the changes [CCC-7]
(MS-ESS2-5). Students can examine detailed maps of air pressure and wind patterns to
discover that air moves from high pressure to low pressure (for example, see the American
Meteorological Society, The Data Stream at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link22).
Understanding why this is true requires some understanding of gases as particles. In
grade five, students defined matter as particles that are too small to see (5-PS1-1). In the
discipline specific course sequence, they have not yet developed a model [SEP-2] of how
those particles behave (it comes in grade eight, MS-PS1-4), so a partial model will need to
be developed for this discussion. This model simply defines high pressure as having lots
of particles of air together in one place, all moving and pushing against one another like
people on a crowded dance floor. Lower pressure regions are areas that have fewer particles
packed together with more empty space between them. Air particles from the crowded
regions will get bumped and pushed into those empty spaces such that there is an overall
flow from high pressure to low pressure.
Students combine this model [SEP-2] with their model of global convection from the
previous unit to create an even richer understanding of the movement of air and water on
Earth (MS-ESS2-6). The problem is best illustrated at a small scale [CCC-3] along coastlines
where landmasses are adjacent to water. Students conduct an investigation [SEP-3] into
the thermal properties of land versus water to see how they heat and cool at different rates,
setting up temperature differentials. This uneven heating causes [CCC-2] convection (the
movement of air) along coastlines just like it did on the global scale [CCC-3] with the
temperature differential between the equator and the poles. As air heats up, the particles
spread out, and the less dense air begins to rise upwards. The area where air rises up is
now lower pressure than its surroundings, so air begins to move from areas where the
pressure is higher (typically colder areas). Wind (the movement of air) results from this
convection cycle (figure 6.13).
The clarification statement for MS-ESS2-5 indicates that students will not be assessed
on weather map symbols. This is largely a reaction to the fact that these symbols are no
longer necessary for illustrating weather patterns [CCC-1] in the digital age. For example,
real-time wind patterns are indicated with animations of the flow of individual particles
(Viégas and Wattenberg 2016) or with familiar rainbow color scales (Beccario 2016). These
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visualization tools allow teachers to spend more time helping students recognize and explain
patterns with less time devoted to memorizing symbols.
igure

ir

ass nteractions

Key concepts to know about weather

Interesting weather
happens when
two air masses
collide.

When two air
masses collide,
one goes up.

When an air
mass goes up,
it cools.

Water condenses
more easily in cold
air. As air cools, it
rains/snows/etc.

Important components of a model of weather that describes the interaction of air masses. Diagram by
M. d’Alessio

Using animations of real-time observations (such as satellite data from visible light that
reveals clouds and other wavelengths that reveal water vapor, see NOAA Geostationary
Satellite Server: Western U.S. Water Vapor accessed at http://www.cde.ca.gov/ci/sc/cf/
ch6.asp#link23), students collect data about the movement of large air masses, noticing
that the most intense precipitation and weather events occur where air masses collide
(MS-ESS2-5). These observations form the evidence [SEP-7] that can be used to construct
a complete explanation [SEP-6] or a model [SEP-2] of the relationship between air
masses and changing weather conditions. The conceptual model in figure 6.13 shows that
these explanations require further investigation into condensation and the movement of
water within Earth’s systems. For a vignette related to weather, please see grade six of the
Preferred Integrated Model.

Water Cycle
At this point in Earth’s history, very little water leaves the planet or arrives from space.
We simply need to track the movement of the matter that is already here. The water cycle
is therefore an example of a cycle of matter [CCC-5] within a relatively closed system
[CCC-4] . In grade five, students created graphs to illustrate where water is located on

Earth (5-ESS2-2) and they developed a model [SEP-2] for the cycling of matter within
the biosphere (5-LS2-1). In grade six, they will extend their model [SEP-2] to include the
exchange of water between all of Earth’s systems [CCC-4] , which should enable them to
explain the distribution of water they observed in grade five.
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Students hold many preconceptions about the way water is cycled through Earth’s
systems (Ben-zvi-Assarf and Orion 2005). While they may be able to list the locations where
water can be found, they often are lacking a model [SEP-2] for the interconnectedness
between these systems [CCC-4] (i.e., water that is in the ground can flow into rivers,
oceans, or reach the surface at springs), or a sense for the dynamic movement of water
within each system (i.e., surface water does not just sit there waiting to evaporate, but flows
constantly down toward the oceans due to the pull of gravity). Teachers can help illustrate
the dynamic interconnectedness of the water cycle through a simple kinesthetic game.
Students each play the role of a water molecule and will move around the room through
different stations that represent places where water is found on Earth (ocean, lake, animal,
plant, groundwater, atmosphere, ice cap, etc.). At each station, they roll a die and read from
a table about the process that they will undergo so that they can move from one station to
another (i.e., evaporation, infiltration into the ground, flow downhill, come to the surface
at a mountain spring, etc.). In essence, they become a physical model [SEP-2] for all the
processes in the water cycle (MS-ESS2-4). The model helps illustrate a number of concepts:
(1) each of the reservoirs of groundwater are interconnected; (2) water is constantly moving
and flowing within each system and between systems; (3) water is in different states
(solid, liquid, and gas) in different reservoirs, and changes [CCC-7] in state (evaporation,
condensation) are one key way that water can move between different reservoirs; (4) there
is no start, end, or single path through the water cycle; and, (5) changes in one part of the
water cycle will have a major impact on other parts of the system (e.g., if ice caps melt,
sea level will rise; if the climate warms and causes more evaporation, that will lead to more
precipitation, which will lead to more runoff).
A model of the water cycle that only describes the cycling of matter [CCC-5] does
not completely fulfill MS-ESS2-4, which requires students to explain how energy [CCC-5]
exchanged via sunlight and gravity drives much of the movement. Additional investigations
[SEP-3] into several of the processes that cause movement of water through the water

cycle will help students understand these processes well enough to integrate them into
their model [SEP-2] .
Energy [CCC-5] from sunlight has an effect [CCC-2] on the water cycle because

the increase in thermal energy that it causes [CCC-2] can in turn cause [CCC-2]
phase changes [CCC-7] . Students conduct investigations [SEP-3] into evaporation and
condensation to experience how they enable the cycling of water and how they relate
to energy flow [CCC-5] . They recognize the pattern [CCC-1] that when water absorbs
energy, it heats up and evaporates more readily. As water vapor cools, it condenses,
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releasing energy back into the surrounding air. Because a detailed model of matter and
state changes is not introduced until grade eight (MS-PS1-4), many students come away
from these activities believing the incorrect idea that water is the only material that can
exist in all three states of matter (after all, we only conduct this experiment with water
and not other materials). This preconception gets reinforced when students hear the true
statement that water is the only material that exists in all three states at the range of
natural temperatures and pressures at Earth’s surface (they seem to ignore the last part
about natural conditions on Earth).
The force of gravity causes [CCC-2] movement in the water cycle. Most students
are able to explain the role of gravity in precipitation (“raindrops fall”) or surface water
(“rivers flow downhill”), but often overlook the crucial role that gravity plays in infiltration
of surface water into the groundwater, the flow of groundwater itself through tiny pores
(illustrated as a saturated sponge drips water down out the bottom), and the flow of
ice downhill in glaciers (easily illustrated by time-lapse videos of glacier movement). To
emphasize these cause and effect [CCC-2] relationships with gravity, students create
skits of different processes within the water cycle in which one student is assigned to
play gravity or sunlight and must interact with other characters in the skit, such as water
molecules or grains of sand. Short dramatic performances have been shown to improve
students’ conceptual understanding in science classes (Ødegaard 2003) and should support
language development. Drama comes in many forms, but can be particularly well suited
to developing models [SEP-2] of systems [CCC-4] by having individual characters
play the role of components within the system while their words and actions portray the
relationships among the components. The exchange of props between characters can be a
physical model [SEP-2] of cycles of matter [CCC-5] .
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ngineering Connection
Solutions o Pollution o e

e

ater C cle

Moving water often carries pollutants along with it (EP&C IV), but understanding
the water cycle allows people to design measures to reduce or stop the flow of
pollution. One possible engineering challenge for students is to deal with the
flow of water and pollutants in urban areas. As water runs along road surfaces,
it picks up oil, grit, and other pollutants that flow into storm drains and out into
local waterways. During heavy rainstorms, those waterways can get overloaded and
flood. Allowing a greater fraction of water to infiltrate into the ground can solve two
problems. First it reduces the amount of water on the surface that causes flooding
and, second, the soil filters out many harmful contaminants before they enter
groundwater or surface water. Students can be given the challenge of designing a
system that diverts waters into the ground and provides the maximum filtration of
that water (for example, see Engineering is Everywhere, Don’t Runoff: Engineering
An Urban Landscape accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link24).
Students will have to define specific criteria to measure their success (MS-ETS1-1),
brainstorm and compare different possibilities (MS-ETS1-2), test those possibilities
(MS-ETS1-3), and make iterative improvements (MS-ETS1-4).

Human Interaction with the Water Cycle
Because of the water cycle, Californians are able to obtain a steady supply of fresh
water for drinking, irrigation, industrial, and agricultural uses (EP&C III). Even in years with
abundant precipitation, California still draws water from a total of seven nearby states in
addition to its own supply (Klausmeyer and Fitzgerald 2012). Of the water extracted for
human use (developed water), more than 75 percent of it goes to agriculture (California
Department of Water Resources 2014). This helps California grow more food than any
other state (United States Department of Agriculture 2015). While water is part of all
agriculture, some foods require more water to grow than others. If people choose to eat
more water efficient foods, California can cut back on its per-capita consumption of water.
Looking at data tables showing the water required for different food types, students can
compare the water footprint of several different meals. They will find that a diet rich in meat
products requires nearly twice as much water as a diet based on vegetables and other plant
products. For example, the average beef burger takes four times more water to produce
than the same number of calories from an average soy burger (Ercin, Aldaya, and Hoekstra
2012). The difference goes beyond water usage, but includes other resources such as the
land area required to grow the food and energy [CCC-5] resources to fertilize, transport,
and process it. During their study of life science in grade seven and high school, students
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will learn more about food pyramids and the concept of trophic levels that will help them
understand why this should be the case. In brief, predators inherently require more total
energy input from the ecosystem than their prey because of the energy used by the prey
during its lifetime that is not preserved within its biomass. Students can obtain global data
about the relationship between urbanization, rising incomes, and large increases in the
amount of meat consumed per person (expected to nearly double the levels from 1960 by
the year 2030) (World Health Organization n.d.). With more people in the world eating more
meat, there is increasing pressure on water and other resources. Each family makes lifestyle
choices about the food they eat, and students should be able to construct an argument
[SEP-7] that different lifestyle choices come at the price of increased resource consumption

(MS-ESS3-4). To connect to health and nutrition, they might include evidence that many
eating habits that use fewer resources are also healthier.

ntegrate
ra e Si nstructional Segment
eos ere Surface Processes
Every rock records a story. Earth scientists look at a landscape and ask questions
[SEP-1] about both the processes that are actively shaping it today and the specific sequence

of events in the past that led up to the present day. Scientists plan and conduct investigations [SEP-3] to answer those questions, but investigations in Earth and space science

cannot always take the same experimental form for testing hypotheses that they might in
analytical chemistry or experimental physics. Many Earth processes take millions of years and
cover thousands of square miles; these time and distance scales [CCC-3] are too slow and
too large to reproduce in a lab. Geologists often refer to the Earth as their “natural laboratory,”
but they can only see the final result of its ancient experiments—Earth’s present-day landscape. Earth scientists often begin investigations with careful observations of what the Earth
looks like today and then try to reproduce similar features in small-scale laboratory experiments or computer simulations.
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Guiding Questions
• How can we read layers of rock like the pages of a history book to reconstruct what
happened during Earth’s past?
• What is the relationship between the way rocks are built up (deposition) and the way rocks
are broken down (erosion)?
• How does our understanding of erosion and deposition help us find valuable energy and
water resources and make ourselves safer from landslides?
Performance Expectations
Students who demonstrate understanding can do the following:
S SS
Construct a scientific explanation based on evidence from rock strata for how
the geologic time scale is used to organize Earth’s 4.6-billion-year-old history. [Clarification
Statement: Emphasis is on how analyses of rock formations and the fossils they contain are
used to establish relative ages of major events in Earth’s history. Examples of Earth’s major
events could range from being very recent (such as the last Ice Age or the earliest fossils of
homo sapiens) to very old (such as the formation of Earth or the earliest evidence of life).
Examples can include the formation of mountain chains and ocean basins, the evolution
or extinction of particular living organisms, or significant volcanic eruptions.] [Assessment
Boundary: Assessment does not include recalling the names of specific periods or epochs and
events within them.]
S SS
Develop a model to describe the cycling of Earth’s materials and the flow of energy
that drives this process. [Clarification Statement: Emphasis is on the processes of melting,
crystallization, weathering, deformation, and sedimentation, which act together to form minerals
and rocks through the cycling of Earth’s materials.] [Assessment Boundary: Assessment does
not include the identification and naming of minerals.]
S SS
Construct an explanation based on evidence for how geoscience processes have
changed Earth’s surface at varying time and spatial scales. [Clarification Statement: Emphasis is
on how processes change Earth’s surface at time and spatial scales that can be large (such as
slow plate motions or the uplift of large mountain ranges) or small (such as rapid landslides or
microscopic geochemical reactions), and how many geoscience processes (such as earthquakes,
volcanoes, and meteor impacts) usually behave gradually but are punctuated by catastrophic
events. Examples of geoscience processes include surface weathering and deposition by the
movements of water, ice, and wind. Emphasis is on geoscience processes that shape local
geographic features, where appropriate.]
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S SS
Construct a scientific explanation based on evidence for how the uneven
distributions of Earth’s mineral, energy, and groundwater resources are the result of past and
current geoscience processes. [Clarification Statement: Emphasis is on how these resources
are limited and typically non-renewable, and how their distributions are significantly changing
as a result of removal by humans. Examples of uneven distributions of resources as a result
of past processes include but are not limited to petroleum (locations of the burial of organic
marine sediments and subsequent geologic traps), metal ores (locations of past volcanic and
hydrothermal activity associated with subduction zones), and soil (locations of active weathering
and/or deposition of rock).]
S SS
Analyze and interpret data on natural hazards to forecast future catastrophic
events and inform the development of technologies to mitigate their effects. [Clarification
Statement: Emphasis is on how some natural hazards, such as volcanic eruptions and severe
weather, are preceded by phenomena that allow for reliable predictions, but others, such as
earthquakes, occur suddenly and with no notice, and thus are not yet predictable. Examples
of natural hazards can be taken from interior processes (such as earthquakes and volcanic
eruptions), surface processes (such as mass wasting and tsunamis), or severe weather events
(such as hurricanes, tornadoes, and floods). Examples of data can include the locations,
magnitudes, and frequencies of the natural hazards. Examples of technologies can be global
(such as satellite systems to monitor hurricanes or forest fires) or local (such as building
basements in tornado-prone regions or reservoirs to mitigate droughts).]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS1.C: The History of Planet Earth

[CCC-1] Patterns

ESS2.A: Earth’s Materials and
Systems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-4] Analyzing and
Interpreting Data
[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)
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ESS2.C: The Roles of Water in
Earth’s Surface Processes
ESS3.A: Natural Resources
ESS3.B: Natural Hazards
Other Necessary DCIs:
LS4.A: Evidence of Common
Ancestry and Diversity

Chapter 6

[CCC-3] Scale,
Proportion, and Quantity
[CCC-7] Stability and
Change
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ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
C CCSS

at Connections MP2, 6.EE.6, 7.EE.4a–b

C CCSS for
C

iterac Connections ELD.PI.6.6a–b, 10, 9, 11a

D Connections SL.6.5, RST.6–8.1, 7, WHST.6–8.2a–f

Students can develop an Earth science mindset when walking around their own
schoolyard and making observations about the familiar processes that led to its present-day
state (United States Geological Survey [USGS] 2016b, Lesson 3). For example, students
can probably picture a brick wall being built layer-by-layer, or that concrete starts off as
grains of sand mixed with cement and water, and then hardens into a solid. Not only can
they observe those processes directly in their everyday life, they can see evidence of those
processes as they walk around the schoolyard. For example, by looking closely at concrete,
they can see grains of sand of different sizes held together with a gray material. As they
look at these features, they realize that they can ask questions [SEP-1] about the world
around them and how it came to look the way that it does. Teachers can then introduce
some natural geologic landscapes and processes that act on Earth and relate them to
analogous processes from construction on the schoolyard.
Earth scientists try to read layers of rocks like the pages of a history book. The
composition and texture of each layer of rock reveals a snapshot of what the world looked
like when that layer formed, and the sequence of layers reveals major events that reshaped
them. In Earth science, these layers are the expression of the crosscutting concept
of structure and function [CCC-6] . While in life sciences and engineering, structures have
specific shapes so that they can accomplish certain functions, in Earth science structure is
often a direct consequence of the processes shaping the planet.
Each of these layers is built from material that came from somewhere else; this cycle
of matter [CCC-5] is referred to as the rock cycle. This instructional segment focuses on a

portion of the rock cycle that occurs near the surface of the Earth where existing rocks are
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broken into pieces that are then moved around, reshaped, and combined back into a solid
rock again. Rocks that are made directly from pieces of other rocks in these processes are
called sedimentary rocks (figure 6.14).
Figure 6.14. Sedimentary Rock Processes

Processes involved in the making of sedimentary rocks. Source: United States Geological Survey
(USGS) 2016a
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ngineering Connection
Cement and Sedimentary Rocks
Students may not realize it, but they are already familiar with sedimentary rocks
because most materials in the built environment such as roads, sidewalks, bricks,
and concrete are essentially artificial sedimentary rocks with small pieces of rock
material cemented together. The average American is responsible for the use of
nearly 9 tons of crushed rock material every year of their life (USGS 1999b). These
artificial materials are carefully engineered to have sufficient strength at the lowest cost.
Students can obtain information [SEP-8] about where rock aggregate comes from in
their community (it is very heavy and expensive to transport and usually quarried as
locally as possible). The process of cementation of natural sedimentary rocks usually
occurs slowly underground as mineral-rich water flows through pore spaces between
grains, but it can be sped up by adding concentrated cement minerals and water in a
concrete truck. To develop a model [SEP-2] of how sedimentary rocks form (such as
figure 6.14; MS-ESS2-1), students can engage in an engineering challenge to create
the most durable concrete from plaster of Paris and rock pieces of different sizes and
shapes (sand, smooth pebbles, angular pebbles, etc … ). (A short snippet for this
idea is accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link25.) They decide the
ideal proportions [CCC-3] to mix the materials in small paper cups. After letting their
“concrete” dry, they remove the paper cup and see whose material is strongest by piling
on different amounts of weight or dropping it from different heights (MS-ETS1-2). This
process helps motivate the rest of the instructional segment as it provides students a
physical model for the steps of sedimentary rock formation as well as introducing them
to the idea that rocks are broken down through the process of erosion.

Students are now ready to apply their model [SEP-2] for how sedimentary rocks form
to constructing explanations [SEP-6] of how the Earth’s surface has changed [CCC-7]
over time (MS-ESS2-2). The composition of the grains in a sedimentary rock matches the
composition of the original source rock. For example, some conglomerate rocks called the
Gualala Formation located near Point Arena in Northern California contain large chunks
of a rock that appears to match the composition of the Gold Hill/Logan Gabbro in central
California. As rocks are transported by wind, water, and gravity, the pieces are broken down
into smaller pieces and jagged edges are smoothed over time. The Gualala Formation has
grains that are large, so they could not have been transported very far by water before
they were deposited and cemented into a solid rock. In this case, however, some pieces
of the Gualala Formation are found hundreds of miles away from their matching source
rock. In addition to the small amount of movement by water and gravity, scientists infer
that these rocks were transported along half of California by the San Andreas Fault over
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millions of years. Students can carry out an investigation [SEP-3] similar to these
scientists by examining a sedimentary rock (in hand sample or photographs) and trying
to match it to different potential source rocks. They will have to plan the investigation
[SEP-3] by deciding what features to observe in order to distinguish the different rocks

and should consider things like the size, shape, and composition of the grains. This form
of investigation where students are limited to observations and comparisons is common in
Earth science, where it is often difficult to manipulate variables and experiments because
the time and spatial scales [CCC-3] of Earth processes are so large.
There are situations where Earth scientists can perform investigations [SEP-3] that
simulate real-world processes at the small scale [CCC-3] . A stream table (a sloped
table or plastic bin covered with sand and other earth materials and flooded with water)
is a platform for exploration about erosional processes and is an example of both a
hands-on investigation [SEP-3] and a physical model [SEP-2] that can be used to
predict possible outcomes. Students can use a stream table to investigate the factors that
affect how quickly material is broken off (weathered) and transported (eroded). When the
movement of water drives erosion, the steepness of the slope has a huge impact on the rate
of erosion because the pull of gravity is less impeded and water flows more quickly down
the steep hill (i.e., with more kinetic energy, PS2.A). As the water molecules collide with the
soil and rock, they can dislodge individual pieces and carry them away. Students can also
identify patterns [CCC-1] in the shapes of landforms in the stream table that might be
similar to local landforms, such steeply carved river channels that make meandering bends
or wedge-shaped delta and alluvial fan deposits that form when the river reaches a flat
section at the bottom of a steep slope.

Forecasting Erosion Hazards: Landslides
Landslides are a rapid form of erosion that can damage property and put peoples’ lives
at risk. Thankfully, areas that are most at risk for landslide hazard are easy to recognize:
steep slopes made of loose sediments are most at risk. Landslides are also much more
likely to happen during periods of intense rainfall, so their timing can be forecast as well.
Students can qualitatively explore these risk factors using a stream table (a plastic tub
filled with sand to represent Earth’s surface and cups of water as agents of erosion).
They can carry out an investigation [SEP-3] varying slope steepness by changing the
angle of the plastic tub, strength of different rocks by testing different mixtures of clay
and sand, and different rainfall intensities by using water containers with different size
holes. They can then analyze data [SEP-4] from real landslides in their local area using
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a state database of historical landslide studies (MS-ESS3-2) (see California Department of
Conservation, Landslide and/or Liquefaction maps accessed at http://www.cde.ca.gov/ci/
sc/cf/ch6.asp#link26). Depending on data availability in their area, their analysis could look
for patterns [CCC-1] in the sizes or locations of landslides in comparison to the steepness
of slopes or the types of rocks. Because landslides tend to occur over and over again in
the same regions, this type of historical data helps inform the creation of maps of landslide
hazards produced by the state. Students can also obtain information [SEP-8] from
government agencies about efforts to provide real-time forecasts of landslides in California
so that people can either instigate timely measures to reduce their hazard (these might
include installing sandbags, pumping water, or evacuating) (see NOAA/USGS Demonstration
Flash-Flood and Debris-Flow Early-Warning System found at http://www.cde.ca.gov/ci/sc/cf/
ch6.asp#link27). This discussion has important ties to IS3’s discussion of weather patterns
and the water cycle, but also to IS1’s discussion of climate change [CCC-7] . In high
school, students will explore how landslide hazards could increase due to climate change
(HS-ESS3-5).

Depositing New Layers
Pieces of rocks and minerals, often called “grains” when discussing rock formation, are
transported by gravity or moving wind and water. Conditions can change [CCC-7] such
that there is no longer enough energy [CCC-5] in these systems [CCC-4] to continue to
carry the pieces, so they settle out and are deposited. For example, water moves quickly as
it races down a steep hillside, but slows when it reaches a lake or the ocean at the bottom
of the hill. As the water slows, bigger grains settle first because they take the most energy
to move. In a classroom, the relationship between grain size and water velocity can be
illustrated in a large bottle filled with sand, soil, and water. After being shaken, the largest
grains of sand will fall out quickly, but the water at the top will remain muddy for hours.
When left overnight, the water will slow down enough that even the fine grains will settle
and leave clear, clean water at the top of the bottle. In nature, the deposition of layers also
buries any dead organisms and leads to the formation of fossils. By looking at the types of
organisms and the sizes of the grains, scientists can reconstruct the geologic conditions in
which the layer formed (i.e., was it a steep slope, where the river meets the ocean, or far
out to sea?). Sediment that is deposited later buries previously deposited layers like a row
of bricks placed on top of previously laid bricks to construct a wall.
Observing how layers change [CCC-7] within a vertical sequence allows scientists to
track changes [CCC-7] in the environment over time. The formation of mountain chains
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(that push up mountains and therefore increase erosion on steep slopes) and ocean
basins (new places where rocks can settle out and be deposited) is gradual while volcanic
eruptions, and asteroid impacts are more abrupt. Periods of glaciation and warming occur
at intermediate timescales. Changes [CCC-7] of all timescales [CCC-3] are recorded
as changes in the rock layers and the fossils trapped within them. From this progression
of layers, geologists can reconstruct a timeline of the entire history of the Earth. Students
likely have heard of the names of geologic periods like Jurassic, but exposure to these
names in the middle grades is distracting from the overall goal of using layers to determine
the relative timing of major events in Earth’s history. For example, major extinction events
are recorded in layers of rocks as decreases in the diversity of fossils around the world at
the same period in geologic time. Students can obtain information [SEP-8] from movies,
informational articles, or other resources in order to construct an explanation [SEP-6]
of how evidence from layers of rock helped scientists identify a major event in geologic
history (MS-ESS1-4). Examples with a strong California focus include the extinction of the
dinosaurs 65 million years ago (a classic illustration of the nature of scientific discovery
that follows the work of University of California scientists). Useful resources include Howard
Hughes Medical Institute, The Day the Mesozoic Died accessed at http://www.cde.ca.gov/
ci/sc/cf/ch6.asp#link28; and University of California Museum of Paleontology, Asteroids and
dinosaurs: Unexpected twists and an unfinished story at http://www.cde.ca.gov/ci/sc/cf/
ch6.asp#link29. The eruption history of a supervolcano like Long Valley caldera in Eastern
California or the history of past glacial periods can be determined by looking at layers in
sediment cores taken from lakes in the region.

Sediment Deposition, Groundwater Flow, and Energy Resources
The storage and flow of groundwater depends greatly on the materials that make up the
layers of rock and soil and how they formed. When layers of sediment are first deposited,
there is space between individual grains that water can flow through like pores of a sponge.
Sediment deposited in slowly moving water has small grains like silt and mud with small
and poorly interconnected pore spaces, so water does not flow well through them. In
environments where larger grains are deposited, the larger spaces between grains tend to be
well interconnected and water can flow through them easily. Students can probably visualize
dumping a bucket of water in a sandbox and having the water flow quickly downward into the
sand, but muddy soil prevents the flow of water and mud puddles can exist for hours after a
rainstorm. A geologic setting where large particles are deposited will have layers of material
that enable groundwater flow. However, as the climate and environment change [CCC-7]
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in cycles over time, one location can alternate between layers with small grains and layers
with larger grains, so that the flow of water varies from layer to layer.
Students can combine their models [SEP-2] of sediment deposition and groundwater
flow to construct an explanation [SEP-6] of how ancient geologic processes affect the
present-day distribution of groundwater resources in California (MS-ESS3-1). Figure 6.15
shows California’s Central Valley, which has accumulated thousands of feet of sediment that
eroded off the Sierra Nevada during the last 100 million years. The sediments are not all
the same, however. There was once a shallow sea covering the Central Valley, so only finegrained sediments settled out to form layers. As plate movements and climate changed
[CCC-7] , sea level changed and fast moving rivers flowing over the land brought larger

grains. As rivers changed their courses over time, the size of grains being deposited at each
individual location varied, leaving behind thin lens-shaped layers of fine-grained sediments
that impede the flow of water. In some cases, these impermeable layers extend so far
across the valley that they separate different pockets of groundwater from one another.
These different pockets of groundwater are a major source of water for farming in the
Central Valley, especially in years of drought when rain and snow do not provide sufficient
surface water. While the details differ, similar processes occur in other valleys of all sizes
throughout the state. When students look at a map showing the location of groundwater
wells throughout the state (for example, see State Water Resources Control Board,
Groundwater Ambient Monitoring and Assessment at http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link30; USGS, National Water Information System Mapper at http://www.cde.ca.gov/ci/
sc/cf/ch6.asp#link31), they should recognize the pattern [CCC-1] that the vast majority of
them are on valley floors where layers of soft sediment have been recently deposited.
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Figure 6.15. Groundwater and the Water Cycle
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A slice through California’s Central Valley emphasizing groundwater flow through sediment as part
of the water cycle. Water flows easily through the loose sediment made of large grains but does not
penetrate easily into the small-grained loose sediments or the rocks beneath them. Gravity causes
water to flow downward on both sides of the valley, but gets pushed back up when these flows
converge along the axis of the valley, contributing water to the rivers and marshland in the valley.
Source: Bertoldi, Johnston, and Evenson 1991

Water is not the only important resource that can flow through rocks; students can apply
the same conceptual models [SEP-2] to explain [SEP-6] how crude oil and natural gas
flow through pore spaces in rocks and can become trapped by layers with low permeability
(MS-ESS3-1). Scientists working for oil and gas companies study the geologic history of an
area so that they can target their drilling towards pockets where oil and gas are trapped.
These scientists must also consider whether or not the geologic history of an area includes
the deposition of large amounts of organic material (dead organisms) along with the original
sediments. That organic material slowly “matures” into oil or gas resources through a series
of chemical reactions sped up by the heat and pressure of burial. The reason these energy
[CCC-5] resources are so valuable is that it is rare for layers to be deposited in the ideal

sequence for creating and preserving them: first a layer with abundant organic materials
needs to be deposited, then a layer with large pore spaces through which oil and gas can
flow and accumulate needs to be deposited on top of that, and finally a layer with tiny
grains to block the flow of oil and trap it at the right depth underground where it can be
preserved for millions of years needs to be deposited.
In this instructional segment, students have focused solely on the development of layers of
sedimentary rock near Earth’s surface and their relationship to the destructive force of erosion.
Many of the changes [CCC-7] in what happens at the surface are in fact driven by major
changes inside Earth (figure 6.16). The next instructional segment focuses on those processes.
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Figure 6.16. Processes That Shape Landscapes
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Landscapes are shaped at a range of timescales by processes inside the Earth and on the surface.
Diagram by M. d’Alessio.
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Guiding Questions
• How can the shapes of landforms at the surface help us understand processes that are going
on deep within the Earth?
• How can understanding plate motions help us locate resources (energy, mineral, and water)
and protect ourselves from natural hazards?
Performance Expectations
Students who demonstrate understanding can do the following:
S SS
Develop a model to describe the cycling of Earth’s materials and the flow of energy
that drives this process. [Clarification Statement: Emphasis is on the processes of melting,
crystallization, weathering, deformation, and sedimentation, which act together to form minerals
and rocks through the cycling of Earth’s materials.] [Assessment Boundary: Assessment does
not include the identification and naming of minerals.]
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S SS
Construct an explanation based on evidence for how geoscience processes have
changed Earth’s surface at varying time and spatial scales. [Clarification Statement: Emphasis is
on how processes change Earth’s surface at time and spatial scales that can be large (such as
slow plate motions or the uplift of large mountain ranges) or small (such as rapid landslides or
microscopic geochemical reactions), and how many geoscience processes (such as earthquakes,
volcanoes, and meteor impacts) usually behave gradually but are punctuated by catastrophic
events. Examples of geoscience processes include surface weathering and deposition by the
movements of water, ice, and wind. Emphasis is on geoscience processes that shape local
geographic features, where appropriate.]
S SS
Analyze and interpret data on the distribution of fossils and rocks, continental
shapes, and seafloor structures to provide evidence of the past plate motions. [Clarification
Statement: Examples of data include similarities of rock and fossil types on different continents,
the shapes of the continents (including continental shelves), and the locations of ocean
structures (such as ridges, fracture zones, and trenches).] [Assessment Boundary: Paleomagnetic
anomalies in oceanic and continental crust are not assessed.]
S SS
Construct a scientific explanation based on evidence for how the uneven
distributions of Earth’s mineral, energy, and groundwater resources are the result of past and
current geoscience processes. [Clarification Statement: Emphasis is on how these resources
are limited and typically non-renewable, and how their distributions are significantly changing
as a result of removal by humans. Examples of uneven distributions of resources as a result
of past processes include but are not limited to petroleum (locations of the burial of organic
marine sediments and subsequent geologic traps), metal ores (locations of past volcanic and
hydrothermal activity associated with subduction zones), and soil (locations of active weathering
and/or deposition of rock).]
S SS
Analyze and interpret data on natural hazards to forecast future catastrophic
events and inform the development of technologies to mitigate their effects. [Clarification
Statement: Emphasis is on how some natural hazards, such as volcanic eruptions and severe
weather, are preceded by phenomena that allow for reliable predictions, but others, such as
earthquakes, occur suddenly and with no notice, and thus are not yet predictable. Examples
of natural hazards can be taken from interior processes (such as earthquakes and volcanic
eruptions), surface processes (such as mass wasting and tsunamis), or severe weather events
(such as hurricanes, tornadoes, and floods). Examples of data can include the locations,
magnitudes, and frequencies of the natural hazards. Examples of technologies can be global
(such as satellite systems to monitor hurricanes or forest fires) or local (such as building
basements in tornado-prone regions or reservoirs to mitigate droughts).]
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS1.C: The History of Planet Earth

[CCC-1] Patterns

ESS2.A: Earth’s Materials and
Systems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-3] Planning and
Carrying Out Investigations
[SEP-4] Analyzing and
Interpreting Data
[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS2.B: Plate Tectonics and LargeScale System Interactions
ESS2.C: The Roles of Water in
Earth’s Surface Processes
ESS3.A: Natural Resources
ESS3.B: Natural Hazards
Other Necessary DCIs:
LS4.A: Evidence of Common
Ancestry and Diversity

[CCC-3] Scale,
Proportion, and Quantity.
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation
[CCC-7] Stability and
Change

ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
C CCSS

at Connections MP2, 6.EE.6, 7.EE.4a–b

C CCSS for
C

iterac Connections SL.6.5, RST.6–8.1, 7, WHST.6–8.2a–f

D Connections ELD.PI.6.6a–b, 10, 9, 11a
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In the early 1900s, a scientist named Alfred Wegener looked at locations of mountain
ranges and noticed some patterns [CCC-1] . He saw that the Appalachian Mountains were
made of the same unique rock types as the Scottish Highlands across the Atlantic, and that
a mountain range in South Africa was similar to one in Brazil. He asked questions [SEP-1]
about what could possibly explain the large present-day separation, so he considered the idea
that all of Earth’s continents could have been connected together millions of years ago and
subsequently moved to their current locations. He gathered substantial evidence [SEP-7]
that supported this proposed explanation [SEP-6] and he began to refer to the idea as
continental drift. (An English translation of Wegener’s 1912 article outlines the full range of
his evidence [Wegener 1912]). Some of this evidence came from using maps to show how
well the continents fit together, especially including the submerged continental shelves in
aligning the continents, and most obviously with South America and Africa.
Even more persuasive was evidence [SEP-7] from fossils and rocks. Figure 6.17 shows
continents from the Southern Hemisphere and how they could have been joined together
hundreds of millions of years ago. The colored areas correspond to fossils whose specific
geographic locations indicate not only that these continents were joined together, but also
specifically that the connection points match those predicted by matching the outlines
of the continents. The current wide separation of these continents precludes other easy
explanations for the locations of these fossils.
Figure 6.17. Fossil Evidence of Continental Drift

Source: United States Geological Survey (USGS) 1999a
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Wegener also traced the past positions and motions of ancient glaciers based on grooves
cut by those glaciers in rocks, and also by rock deposits that the glaciers left on different
continents. His evidence [SEP-7] indicated that if the continents had been in their current
locations, the glaciers would have formed very close to the equator, an extremely unlikely
situation. If the continents moved as he hypothesized, those glaciers would have formed
much closer to the South Pole.
While we often say that Wegener compiled evidence [SEP-7] , it is important to note
that he built on the work of dozens of scientists of the day. At the time Wegener lived,
there was no way to determine the exact age of rocks, but geologists could reconstruct the
relative timing of events by correlating sequences of rock layers from one place to another
(MS-ESS1-4, as discussed in IS4). Even though Wegener never visited the Andes or the
Atlantic coast of South America, other geologists had written that folding of rock layers in
the Andes Mountain occurred at the same time as the Atlantic Ocean was becoming wider.
Wegener obtained and evaluated the information [SEP-8] recorded by other scientists
and then connected ideas in ways that nobody else had.
Despite the evidence [SEP-7] that he compiled, Wegener’s theory was not accepted
and was generally forgotten. While Wegener was using traditional science practices
of analyzing data [SEP-4] and constructing explanations [SEP-6] based on evidence
[SEP-7] , the other geologists were viewing his claims through the lens of the crosscutting

concept of cause an effect mec anism an e

lanation CCC

. Wegener could not

propose any possible mechanism that would cause continents to plow through the ocean
over great distances. In the absence of a mechanism to cause the proposed movements
of continents, the early twentieth century geologists rejected Wegener’s claims. Middle
grades students focus first on analyzing [SEP-4] the evidence [SEP-7] accumulated
since Wegener’s time that provide even more definitive evidence that there has been
motion of plates (MS-ESS2-3), then they develop a model [SEP-2] relating that motion to
the cycling of matter [CCC-5] (MS-ESS2-1), and finally they can use that model to help
explain changes [CCC-7] in the Earth’s surface (MS-ESS2-1), the distribution of mineral
resources (MS-ESS3-1), and to forecast the occurrence of natural disasters (MS-ESS3-2).
In high school, they will look in more detail at some of the evidence and finally address the
mechanism that drives all this motion (HS-ESS2-1, HS-ESS2-3).
Technological developments approximately 50 years later allowed detailed mapping of
the shape of the sea floor, which revealed new information that supported Wegener’s claims
and also provided the missing mechanism. Students can investigate undersea topography
and notice patterns [CCC-1] using a program like Google Earth. They can discover that the
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largest mountain ranges on the planet actually exist below the surface of the ocean. One of
the most obvious of these is the Mid-Atlantic Ridge, which rises about 3 kilometers in height
above the ocean floor and has a length of about 10,000 kilometers running from a few
degrees south of the North Pole down almost all the way to the Antarctic Circle. While basically
continuous across a huge part of the planet, it is far from straight. By tracing out the shape
of the continental shelves on either side of the Atlantic and the axis of the Mid-Atlantic Ridge,
students can notice the ridge roughly parallels the turns of the coastlines. By measuring the
distance from the center of the mountain range to the continental shelf, students can notice
that the highest point of the mountains lies half way between the two coastlines, as if the
two coasts were spreading apart from this central point. The idea that oceans were growing
in size made it easier to understand how the continents could move away from each other.
If some ocean basins were expanding, it did not make sense for the entire planet to
be growing larger, so scientists began to look at how the growth could be balanced by
the surface becoming smaller in other locations. Scientists had long recognized evidence
[SEP-7] for shortening on Earth because of evidence from sedimentary rock layers. In IS4,

students created models [SEP-2] for how sedimentary rocks form in flat layers, but these
layers are often observed to be folded and curved, which could only happen by some sort of
squeezing that would push up mountains. At the time Wegener lived, the only process that
scientists could conceive of that could cause such squeezing was the overall contraction of
the Earth as it cooled after being formed long ago. However, if the seafloor was known to
spread apart at some locations, it makes sense that plates must crash together at others.
This would explain why mountain ranges formed long bands perpendicular to the spreading
directions. For example, the Andes Mountains are not oriented randomly—they are at
exactly the orientation you would expect if South America were spreading away uniformly
from the Mid-Atlantic Ridge and crashing into the Pacific Ocean on the other side. Seafloor
structures also give one more key piece of evidence [SEP-7] about plate motions: there
are very deep canyons in the ocean that parallel coastlines and island chains in many
locations. Just off the west coast of South America, students can notice a very deep trench
in the ocean floor. A physical model [SEP-2] with two foam blocks (or even notebooks)
representing plates helps illustrate why such a trench forms where one of the plates sinks
down beneath the other due to density. It is a simple consequence of the geometry of a
bending block, with the trench forming at the inflection point where the down-going block
starts to curve (figure 6.18). Students can use maps of global topography and bathymetry
to see if they notice any patterns [CCC-1] between the location of these deep sea
trenches and their relationship to continents, mountain ranges, and islands.
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Schematic slice through the Earth’s lithosphere showing three different plates with key seafloor and
land features caused by their motion. Diagram by M. d’Alessio.

Taken together, the fit of the continental shelves, the separation of similar rocks and fossils
across vast oceans, the location of mid-ocean ridges running precisely along the center of
oceans basins, and the location of deep sea trenches along the coasts of some continents are
strong evidence [SEP-7] that plates move apart at some locations, move together at others,
and slide past one another in other locations. These motions are the driving forces for a wide
range of processes that shape Earth’s surface and cause interactions with the anthrosphere.

Plate Tectonics Drives the Rock Cycle
One of the most important effects of plate motions is the cycling of matter [CCC-5]
that accompanies the motion. The geoscience processes that form rocks and minerals
include volcanic eruptions, the heating and compaction of rock deep underground, the
cooling of very hot underground rock, the evaporation of mineral-rich water, and the
physical and chemical breakdown of surface rock by wind and water. All but the last of
these geoscience processes are driven by the transfer of Earth’s internal thermal energy
[CCC-5] . This internal thermal energy resulted from the immense heating of Earth’s interior

during its cataclysmic formation billions of years ago, the gravitational compaction of Earth
in its early history, and the energy released by radioactive decay of buried Earth materials.
In high school, students will develop a model that relates these heat transport processes to
the driving motions of plate tectonics (HS-ESS2-3).
Rock at Earth’s surface is almost exclusively a solid, except the few locations where it
flows as liquid lava. As shown in figure 6.19, liquid rock is also located underground, where
it is called magma. Even in that illustration, the amount of liquid is exaggerated for visual
effect. A significant percentage of the rock underground exists in a form that acts similar
2016 California Science Framework
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in some ways to a common children’s toy, silicone putty. It is not clearly a solid or a liquid.
This state of matter is sometimes called a plastic solid because it slowly flows and deforms
under pressure like a liquid but retains its shape like a solid. Even deeper underground, the
immense pressure causes the rock to exist as a solid.
Figure 6.19. Ideas About the Physical States of Rock

Source: From Making Sense of SCIENCE: Earth Systems (WestEd.org/mss) by Daehler and Folsom.
Copyright © 2013 WestEd. Reproduced with permission.

Sometimes, everyday language differs from scientific language and can lead to
confusion. In figure 6.19, the word plastic refers to an easily shaped material. Discussion
should include that this definition existed in dictionaries long before the invention of
petroleum-based plastics that we use so commonly in everyday materials, like beverage
bottles or bags. The modern material called plastic earned its name because it could be
easily melted and formed into different shapes.
Many of the changes [CCC-7] that happen to the geosphere (Earth’s nonliving solid
material excluding ice) are due to movement of tectonic plates. As the plates push together,
spread apart, and slide against one another, a variety of geologic processes occur including
earthquakes, volcanic activity, mountain building, seafloor spreading, and subduction
(sinking of a plate into the underlying mantle). All of these geoscience processes change
Earth’s rock—some form new rock and others break down existing rock.
These physical and chemical transformations of rock are often summarized as the rock
cycle. Figure 6.20 shows a classic rock-cycle diagram with the three major rock types of
igneous (melted in Earth’s interior), sedimentary (compacted from broken pieces), and
metamorphic (rearranged by Earth’s internal pressure and thermal energy).
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Figure 6.20. Classic Rock Cycle Diagram

Source: From Making Sense of SCIENCE: Earth Systems (WestEd.org/mss) by Daehler and Folsom.
Copyright © 2013 WestEd. Reproduced with permission.

As summarized in table 6.6, the classic rock cycle diagram is a good summary of some
of the key interactions of the geosphere. However, like most models [SEP-2] , it has
inaccuracies and can foster preconceptions. Students can mistakenly surmise that every
rock has experienced or will experience the same cycle. However, rock does not move
through the rock cycle in a specific order, like a product on a conveyor belt moving through
a factory. The Geological Society in Britain has a very useful rock cycle Web site at http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link32, a very useful resource for students, who could
then be challenged to find examples in California of the British rocks and landforms.
Table 6.6. Benefits and Limitations of Classic Rock Cycle Diagram
BENEFITS

S

Provides a good summary of key
geosphere interactions.

Does not show the many interactions the geosphere
has with other Earth systems.

Easy to read and understand.

Does not show the timeframe for each geologic
process, implying that they have similar timeframes.

Shows how each type of rock can
become the other types of rock.

Does not show the locations where each geologic
process takes place.

Helps dispel the incorrect idea that
rock is “steady as a rock” and never
changes.

Suggests that rock never leaves the rock cycle, yet
rocks often do leave the rock cycle, such as when
they are incorporated into organisms, other Earth
systems, and human-made materials.

Source: From Making Sense of SCIENCE: Land and Water (WestEd.org/mss) by Folsom and Daehler.
Copyright © 2012 WestEd. Adapted with permission.
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The physical and chemical changes [CCC-7] that happen to minerals and rocks
reinforce the principle of the conservation of matter [CCC-5] . Almost three-quarters of
Earth’s crust is made of oxygen and silicon. Just six elements (aluminum, iron, magnesium,
calcium, sodium, and potassium) make up nearly all the rest of Earth’s crust. Atoms of these
eight elements combine to form Earth’s rocks and minerals. Throughout all the physical and
chemical interactions, none of these atoms are lost or destroyed. Even as the appearance
and behavior of the rocks change [CCC-7] , their overall composition remains stable
[CCC-7] .

Students can demonstrate that they understand the relationship between plate motion
and the rock cycle by placing different types of rocks on an illustration showing typical plate
boundaries (MS-ESS2-1, MS-ESS2-2). Magma solidifies to form igneous rocks at places where
magma can reach the surface such as mid-ocean ridges. Rocks experience increases in temperature and pressure that can transform them into metamorphic rocks as they are dragged
deep into the Earth when plates collide. Sedimentary rocks form all over Earth’s surface, but
especially in zones where mountains are actively being pushed up where plates collide.

Plate Tectonics and Resources
Plate tectonics plays an important role in the uneven distribution of Earth’s natural
resources (MS-ESS3-1). Volcanic and uplift processes can bring important minerals onto or
near the surface where they can be profitably mined. For example, students can compare
the location of the world’s largest copper mines to the location of plate boundaries and see
that there is a general pattern [CCC-1] : mines are often located near plate boundaries. The
prospector’s shout that “there’s gold in them thar hills” directly connects gold distribution
with the plate tectonics that created “them thar hills.”
Fossil fuel distribution is one the most politically important uneven distributions of
natural resources, and it is also tied to plate tectonics. The Middle East has about twothirds of the world’s proven reserves of crude oil. Petroleum and natural gas are generally
associated with sedimentary rocks. These fuels formed from soft-bodied sea organisms
whose remains sank to the ocean floor, decomposed in the relative absence of air, and were
further transformed by heat and pressure deep underground. Even areas on dry land today
can be the sites of ancient ocean basins that have been uplifted by plate collisions. These
same collisions can deform the rock layers in ways that allow oil and gas to accumulate in
concentrated locations (where they can be easily extracted) and remain trapped there for
millions of years. Students will investigate [SEP-3] this process in high school.
Plate boundaries are often places where hotter material rises up from Earth’s interior
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to near the surface. This heat can be harnessed to generate electricity and as a source
of energy [CCC-5] for heating buildings and commercial purposes. California is home to
some of the world’s largest geothermal power plants, with production in both Northern and
Southern California that provide a total of 6 percent of the state’s electricity (with potential
for even more). Other western states also use geothermal resources, but there are no
geothermal power plants east of North Dakota in the United States, largely because these
areas are far from plate boundaries.
In IS4, students learned about groundwater as an important resource as water
percolates into the spaces between pores in sediments and rock. The distribution of
groundwater basins is also affected by plate motions. The best groundwater basins are in
valleys where a large amount of sediment has continuously been deposited, such as the
Central Valley receiving sediment from the Sierra Nevada. Plate motions typically determine
the shapes of these basins and are the cause of mountains being uplifted in the first
place. The faster they are pushed up, the faster they erode (because rapid uplift produces
steep slopes that erode more quickly). Of course, groundwater also requires an abundant
source of water. In addition to the important latitudinal controls on precipitation discussed
in IS1, mountains have a strong impact on where precipitation occurs; moist air flowing
up mountains tends to precipitate on the windward side of the mountains leaving a rain
shadow further downwind. The mountains that squeeze moisture out are often recently
uplifted by plate motions.

Understanding Plate Motions Allows Hazard Mitigation
In grade four, students analyzed patterns [CCC-1] in maps and may have investigated
[SEP-3] the distribution of earthquakes on the planet (4-ESS2-2). With an understanding

of the patterns of plate motions and previous events, scientists are better able to forecast
natural disasters such as earthquakes and volcanoes. The process is somewhat analogous
to asking students to predict where in California it will snow next January. With a basic
understanding of the patterns of geography, they could very reliably identify places where
it will almost certainly not snow (downtown Los Angeles, for example) and where it is more
likely to snow (perhaps along the high peaks in the Sierra Nevada). Whether it actually
snows during that month depends on specific physical processes, such as the location of
the jet stream, which are difficult or impossible to predict far in advance. Earthquakes occur
because friction causes plates to stick together where they touch. Even though forces deep
within the Earth try to pull them along, the plates remain stuck until the strain builds up so
much that they suddenly slide past one another in a single violent lurch. Students can build
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a physical model [SEP-2] of this process with a brick, a bungee cord, and sand paper (see
Earthquake Demonstration at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link33), or explore
a virtual physical model using an online simulator (see The Earthquake Machine at http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link34). Scientists can monitor the amount of strain
built up along plate boundaries using high-precision GPS and can calculate the amount of
strain that is likely to be released in the next large earthquake at different locations. In
other words, scientists can predict where earthquakes could be and how big they could be
with relatively high reliability. State and local authorities have published maps showing the
likelihood of different size earthquakes in locations throughout California (see UCERF3: A
New Earthquake Forecast for California’s Complex Fault System, USGS Fact Sheet 2015-3009
at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link35). Students could use this map to hold a
mock session of the state legislature debating the allocation of earthquake preparedness
funding. Different students representing different districts around the state use information
about their population, their economic contributions, and the earthquake forecasts to argue
[SEP-7] that their district is deserving of a larger share of the funding. Students can then

prepare disaster kits for home and school (CA Health Education Standard 6.1.4S).

ngineering Connection
Earthquake Early-Warning System
The only part of the process that is not yet predictable is the exact timing of
the earthquakes. While scientists have investigated [SEP-3] a wide range of
monitoring strategies, it appears that many earthquakes occur without any
perceivable trigger. That means that the soonest we can know about earthquakes is
the moment that they first start. Earthquake waves do take time to travel through the
Earth, so there is one more way that understanding earthquakes can help us mitigate
their effects. The moment a seismic recording station detects shaking, it can send a
signal at the speed of light to a central processing center that can issue a warning of
the impending earthquake. Such warnings can be distributed to schools, businesses,
and individuals via the Internet, mobile phones, and other broadcast systems, providing
them warning of a few seconds to a minute. Such systems have been in successful
operation in Japan and Mexico City, and a prototype is being tested in California. After
investigating patterns [CCC-1] of earthquake occurrence in their region, students can
make decisions about where to place seismic recording devices to design their own
earthquake early-warning network that provides the maximum advance warning (MSESS3-2) (d’Alessio and Horey 2013). Using an online simulator (see Earthquake EarlyWarning Simulator at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link36), students test
their network’s performance in sample earthquakes, compare network designs with their
peers (MS-ETS1-2) and iteratively improve them (MS-ETS1-3).
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ortunities for

at ematics Connections

Students can use simple equations of distance, speed, and time to calculate the
amount of warning they can expect when a seismic recording station is a given
distance away from the earthquake source (CA CCSSM 6.EE.2.c, 6.EE.7).
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Grade Seven Discipline Specific Course Model:
Life Science
From the introduction to the Middle Grades Life Sciences Storyline in the NGSS:
Students in middle school develop understanding of key concepts to help
them make sense of life science. The ideas build upon students’ science
understanding from earlier grades and from the disciplinary core ideas, science
and engineering practices, and crosscutting concepts of other experiences
with physical and earth sciences. There are four life science disciplinary core
ideas in middle school: (1) From Molecules to Organisms: Structures and
Processes, (2) Ecosystems: Interactions, Energy, and Dynamics, (3) Heredity:
Inheritance and Variation of Traits, (4) Biological Evolution: Unity and Diversity.
The performance expectations in middle school blend the core ideas with
scientific and engineering practices and crosscutting concepts to support
students in developing useable knowledge across the science disciplines.
While the performance expectations in middle school life science couple
particular practices with specific disciplinary core ideas, instructional decisions
should include use of many science and engineering practices integrated in
the performance expectations. Described in A Framework for K-12 Science
Education. (NGSS Lead States 2013a)
This section is a guide for educators on how to approach the teaching of life science
in middle grades and is not meant to be an exhaustive list of what can be taught or how
it should be taught. A primary goal of this section is to provide an example of how to
bundle the performance expectations (PEs) into related groups that can form the basis for
instruction. While there are seven instructional segments (IS) in this course, no prescription
of the relative amount of time to be spent on each instructional segment is made in this
section. Table 6.7 shows a sequence of seven possible phenomenon-based instructional
segments in a discipline specific grade seven course.
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Table 6.7. Overview of Instructional Segments for Discipline Specific Grade Seven

1

Interdependent Ecosystems
Students view ecosystems as systems. They analyze the
exchanges of energy and matter in the system and recognize
patterns in the way different organisms interact.

2

Photosynthesis and Respiration
Students zoom into the most important processes that
allow the exchange of energy and matter in ecosystems, photosynthesis and respiration. They develop models of how
organisms rearrange molecules during these chemical reactions
to survive and grow. They explain how reactions at the molecular scale explain the interactions at the ecosystem scale.

3

Cells and Body Systems
Students conduct investigations to gather evidence that
living things are made of cells. They develop a model of how
cells work as self-contained systems and as part of broader
body systems.

4

Evidence of Evolution
Students analyze structures of different organisms
to notice evolutionary patterns. Their data come from the
fossil record, anatomical similarities, and embryological
development.

5

Inheritance and Genetics
Students develop a model that explains how cells store
and use their genetic code. They extend the model so that
it can explain variation in traits caused by reproduction and
mutation.
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6

Natural Selection
Students analyze data that show evidence of natural
selection. They develop conceptual and mathematical models
that explain how the traits of organisms and the availability of
resources affect the survival of specific individuals, and how
that translates into broader shifts in populations.

7

cos stem nteractions e isite
Students revisit ecosystem interactions as a capstone to
develop solutions that maintain biodiversity and ecosystem
services in the face of human impacts on ecosystems.

Sources: Savery 1628; adapted from Caulfield 2012; Peters 2007; Grant 2010; adapted from
Rafandalucia 2016; adapted from Castro 2008; Gould 1845; Myatt/USFWS 2014

Throughout the instructional segments in grade seven, students engage in
the disciplinary core ideas (DCIs) using a variety of science and engineering practices
(SEPs) and crosscutting concepts (CCCs) However, teachers should mostly develop

conceptual and qualitative understanding of those core ideas as grade seven students
may not have developed the capacity yet to use more advanced disciplinary core ideas
associated with physical science to fully understand the processes at the molecular scale
[CCC-3] . For example, in grade seven students develop understanding of the functioning of

cells during respiration. However, their understanding of processes such as photosynthesis
or movement of matter and energy [CCC-5] in and out of cells will only be developed
qualitatively in grade seven because the chemical reactions occurring within cells to explain
these processes will not be introduced until grade eight.
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Disci line S ecific ra e Se en nstructional Segment
Interdependent Ecosystems
Life science is about what comprises living things, how they work, and how they
depend on one another. Seen through the crosscutting concept of systems and system
models [CCC-4] , living organisms are systems with components that interact. This instruc-

tional segment develops students’ understanding of systems alongside key life science
disciplinary core ideas.

D SC P
D P

SP C
D

C
D
C S S

S
S

S

C

S

Guiding Questions
• How do parts of an ecosystem interact?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Construct an explanation that predicts patterns of interactions among organisms
across multiple ecosystems. [Clarification Statement: Emphasis is on predicting consistent
patterns of interactions in different ecosystems in terms of the relationships among and
between organisms and abiotic components of ecosystems. Examples of types of interactions
could include competitive, predatory, and mutually beneficial.]
S S
Develop a model to describe the cycling of matter and flow of energy among living
and nonliving parts of an ecosystem. [Clarification Statement: Emphasis is on describing the
conservation of matter and flow of energy into and out of various ecosystems, and on defining
the boundaries of the system.] [Assessment Boundary: Assessment does not include the use of
chemical reactions to describe the processes.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

LS2.B: Cycle of Matter
and Energy Transfer in
Ecosystems
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[CCC-4] Systems and System
Models
[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation
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D SC P
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D
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ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
C CCSS

at Connections 6.EE.9, 6.SP.5a–d

C CCSS for
C

iterac Connections SL.7.1a–d, 4, 5; RST.6–8.1, WHST.6–8.2a–f, 9

D Connections ELD.PI.7.6a–b, 9, 10, 11a

As described in the NGSS, “Systems may interact with other systems; they may have
subsystems and be a part of larger more complex systems.” In this way, life science is
the study of systems within systems within systems. Cells are tiny systems of interacting
individual organelles. In multicellular organisms, tissues and organs are systems of
interacting cells. Body systems require interaction between different types of tissues and
organs. A whole organism is a concert of interacting body systems. Finally, ecosystems
(which includes the very word system) are interactions between different organisms and
nonliving components. In this course, students develop models [SEP-2] of these living
systems at this full range of scales [CCC-3] .
Every one of these systems and subsystems exhibit five key features of systems [CCC-4]
that will be revisited in different instructional segments in this course: (1) boundaries, (2)
inputs/outputs of energy and matter [CCC-5] across these boundaries, (3) components,
(4) interactions between components, and 5) one or more properties that the entire system
exhibits as a whole.
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Opportunities for ELA/ELD Connections
Have students explore the classroom and find examples of what they predict are
systems (e.g., sound, computer, body, ecosystems). Provide students with a graphic
organizer in which they write the reasons they identified it as a system, using
words, phrases or sentences depending on their level of English proficiency. Place
students in groups, and using their graphic organizer, have students take turns
reporting the information they gathered. Next, have them read an appropriate science
text and identify the five features of systems within the text. Using evidence from text
and language frames, have students discuss the connections between their classroom
example and textual evidence gathered that either confirm or refute it as a system. Ask
students in their groups to revisit their classroom examples and reach consensus on
whether or not each meets the criteria of a system based on the five important features
of systems and system models [CCC-4] : boundaries, components, interactions, inputs/
outputs, and one or more system properties.
C CCSS for
iterac Stan ar s RST.6–8.1, 2, 4; SL.6–8.1
C
D Stan ar s ELD.PI.6–8.1, 3

While the life science disciplinary core ideas are organized with the smallest scales
[CCC-3] first, a CA NGSS course sequence based on developmentally sequenced learning

objectives might begin the study of living systems with the most tangible, macroscopic
system: ecosystems. In ecosystems, the mechanisms of energy and matter [CCC-5]
exchange are familiar to students (predator eats prey, for example).
A system model [SEP-2] provides a way of thinking about and simplifying the real
world. To develop a useful model of a system, students need to decide which objects
are components of the system and which objects do not need to be included (i.e., define
the system boundaries). Students begin this process by considering pictures of simple
ecosystems (figure 6.21).
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Figure 6.21. A River Environment

Source: From Making Sense of SCIENCE: Earth Systems (WestEd.org/mss) by Daehler and Folsom.
Copyright © 2013 WestEd. Reproduced with permission.

As students identify the different objects involved, they might recognize that the objects
fall into different categories such as living and nonliving objects. Many students struggle
to decide if nonliving objects should be included in the system model [SEP-2] of an
ecosystem. To answer this question, students must return to the definition of systems and
ecosystems. Students might decide that a river is an essential component of an ecosystem
because other components interact with it in so many essential ways. Beyond the water’s
obvious role of being available for organisms to drink, it also provides living space for
aquatic life, cools the surrounding air by evaporative cooling, and breaks down rocks into
smaller particles important for the development of soil.
Students can illustrate these interactions in many ways through different styles of
diagrams. Instructional segment 2 from the Preferred Integrated Course Model for grade
seven (chapter 5) shows one example, along with a discussion of its relative merits. Another
alternative is to have students make concept maps of the ecosystem using index cards,
string, and paper cutouts of arrows. Each component of the ecosystem is written on an
index card and taped to the wall or table and then students connect the components with
string, being sure to write short phrases on the paper arrows that describe how the two
objects interact. Many pairs of objects might require two or more arrows pointing different
directions. For example, a tree provides food and shelter to a bird while the bird aids the
tree by eating its fruit and dropping the seeds. Where technology is available, these concept
maps can be constructed collaboratively online. Students then classify these relationships,
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noting that some of them involve the exchange of matter [CCC-5] , some the exchange
of energy [CCC-5] , and often both energy and matter. (MS-LS2-3). Students should be
able to build on their model for the exchange of matter in ecosystems that they developed
in grade five (5-LS2-1). Now, they will begin to make distinctions between matter and
energy [CCC-5] .

Many ecosystem interactions involve the exchange of “biomass,” the accumulated
material that organisms have rearranged and integrated into their own body structures
from the food they have eaten. The organic molecules of biomass are complex, and other
organisms can use them as building blocks to manufacture, replace, and repair their internal
structures. The biomass molecules also have significant stored chemical potential energy
that organisms use in their biological activities and processes. When one organism eats
another, it takes in the other organism’s biomass, accomplishing a transfer of both matter
and energy [CCC-5] .
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Disci line S ecific ra e Se en Sna s ot
atter an
nerg in t e ol erine a itat
Mr. R’s students had already read the informational text Where Are the
Wolverines? from the California Education and the Environment Initiative
(EEI) curriculum, Energy: Pass it On! He instructed them to read the first part
of the story again and identify the food and energy sources that are important
to a wolverine’s survival. He also had them look for information about the habitat where
wolverines live and get their food, preparing the students for the second half of the text
in which they would look at how damage to that habitat affects the cycling of matter and
transferring of energy in that ecosystem. He then had them use the information from the
reading to construct a complete food web for the wolverine’s habitat.
n estigati e

enomenon Students confront multiple phenomena in the
Human Practices cards. Example: Human activities that prevent natural forest fires
have led to denser forests with fewer shrubs and fewer plants that bears eat.

Mr. R followed up by distributing a copy of the Human Practices and the Wolverine
Food Web form to each student. He divided the students into teams of four and gave each
team a set of eight Human Practices cards. Mr. R instructed the students to distribute
the cards among the team members, with the students taking turns presenting the
information about their first card and leading a brief team discussion about how the
particular human activity might affect relationships in the food web. Mr. R instructed
students to describe at least one cause and effect [CCC-2] relationship from each card.
After they had discussed the different human activities, students placed all of the
cards in the center of the table so that each of them could access the cards. Mr. R told
the students that they were going to individually complete the Human Practices and the
Wolverine Food Web. As they completed the prediction column, they were instructed to
include two major components: cause and effect statements about the influence of each
human practice on the wolverine’s food web; and predictions, based on clear reasons and
relevant evidence, regarding how each human practice could affect the cycling of matter
and flow of energy [CCC-5] in the wolverine’s habitat.
Resources
California Education and the Environment Initiative. 2010. Energy: Pass It On! Sacramento:
Office of Education and the Environment
California Education and the Environment Initiative. 2010. The Flow of Energy Through
Ecosystems. Sacramento: Office of Education and the Environment
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Other interactions represent transfers of matter that are not biomass, and that cannot
provide calories to organisms. Examples are water, carbon dioxide, and the simple minerals
that decomposers such as microorganisms release to the soil. Other interactions involve
the transfer of pure energy [CCC-5] without the transfer of mass. Almost all ecosystems
have a large input of pure energy from the Sun (which is usually considered outside the
system because it is so far from Earth). Most energy is exchanged through biomass (which
involves the exchange of matter), so the only other way that pure energy is exchanged
between components in ecosystems is through the flow of thermal energy. In particular, most
organisms give off waste heat. We can easily conceptualize how warm-blooded organisms
like us heat up the air around their bodies, but chemical reactions in all organisms generate
some thermal energy that is dissipated to the environment. This energy is effectively lost
from the ecosystem because it is no longer contained in the biomass of the organism. One
important result of this dissipation is the energy pyramid, a common graphic representation
that the amount of biomass decreases markedly at each step going from producers to
primary consumers to higher level consumers and to decomposers. Students will investigate
[SEP-3] this relationship mathematically [SEP-5] in high school (HS-LS2-4).

Some of these relationships are very complex. One example of a very intricate
relationship comes from Northern California’s salmon spawning. Salmon spend most of their
adult life in the ocean, accumulating biomass from the organisms they eat there. As they
return to the river in which they were born, they bring biomass built from ocean material
into the river. Most species of salmon die after they spawn, and the biomass from their
decaying carcasses fertilizes areas surrounding the streams. Scientists can actually quantify
the size of this effect [CCC-2] because nitrogen from the ocean has a different isotopic
signature than nitrogen in the river system (lighter isotopes of nitrogen evaporate more
easily, so rainwater filling rivers has slightly more abundant N-12 while ocean water has
slightly more N-14). In Alaska, scientists have tracked the ocean biomass large distances
away from rivers themselves, a fact that they attributed to the fact that bears sometimes
physically carry their salmon catch away from the river to eat it, and that they are messy
eaters. In California, where human activities have reduced the bear population, scientists do
not detect ocean biomass far from the rivers. Human activities have therefore disrupted the
movement of biomass (California Environmental Principles and Concepts [EP&Cs] II, III, IV).
After considering one example ecosystem as a whole class, smaller groups of
students investigate [SEP-3] different ecosystems. During reports, students look for
common patterns [CCC-1] that exist in the interactions between components. They might
notice the living organisms interacting as predator-prey, competitors for the same resource
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such as space or food, or symbiotic relationships (like the bird and tree). By explaining
these common types of relationships, students can view new ecosystems through the lens
of these categories (MS-LS2-2). For example, students could be given a list of organisms
from an environment they are unlikely to have encountered before (such as creatures that
live around the hydrothermal vents at deep-sea mid-ocean ridges) and they would have
to ask questions [SEP-1] about the different organisms to determine how the organisms
might interact. They might look to clues about relative size, where each organism lives, or
the shape of its body parts to make these inferences. To enhance their model [SEP-2]
of energy and matter flow [CCC-5] , students should be able to explain how these
relationships relate to the flow of energy and matter within ecosystems (MS-LS2-3).

Disci line S ecific ra e Se en nstructional Segment
Photosynthesis and Respiration
In this instructional segment, students develop a model [SEP-2] of the two
key chemical processes used to cycle energy and matter [CCC-5] in ecosystems: photosynthesis and respiration. They are treated together as a pair because they essentially
involve the same basic chemical transformation represented by the same chemical equation,
just read from different directions regarding which is the starting point and which shows the
resulting products.

D SC P
SP C
C
D S
PHOTOSYNTHESIS AND RESPIRATION

S

C

S

Guiding Questions
• How do plants and animals get their energy?
• What processes allow energy and matter to be exchanged in ecosystems?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Construct a scientific explanation based on evidence for the role of photosynthesis
in the cycling of matter and flow of energy into and out of organisms. [Clarification Statement:
Emphasis is on tracing movement of matter and flow of energy.] [Assessment Boundary:
Assessment does not include the biochemical mechanisms of photosynthesis.]
S S
Develop a model to describe how food is rearranged through chemical reactions
forming new molecules that support growth and/or release energy as this matter moves
through an organism. [Clarification Statement: Emphasis is on describing that molecules are
broken apart and put back together and that in this process, energy is released.] [Assessment
Boundary: Assessment does not include details of the chemical reactions for photosynthesis or
respiration.]
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D SC P
SP C
C
D S
PHOTOSYNTHESIS AND RESPIRATION

S

C

S

Other necessary performance expectations introduced, but not assessed until grade eight:
S PS
Develop models to describe the atomic composition of simple molecules and
extended structures. [Clarification Statement: Emphasis is on developing models of molecules
that vary in complexity. Examples of simple molecules could include ammonia and methanol.
Examples of extended structures could include sodium chloride or diamonds. Examples of
molecular-level models could include drawings, 3D ball and stick structures, or computer
representations showing different molecules with different types of atoms.] [Assessment
Boundary: Assessment does not include valence electrons and bonding energy, discussing the
ionic nature of subunits of complex structures, or a complete description of all individual atoms
in a complex molecule or extended structure is not required.]
S PS
Develop and use a model to describe how the total number of atoms does not
change in a chemical reaction and thus mass is conserved. [Clarification Statement: Emphasis
is on law of conservation of matter and on physical models or drawings, including digital forms
that represent atoms.] [Assessment Boundary: Assessment does not include the use of atomic
masses, balancing symbolic equations, or intermolecular forces.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

LS1.C: Organization for Matter
and Energy Flow in Organisms

[CCC-4] Systems and
System Models

[SEP-5] Using Mathematics
and Computational Thinking

PS3.D: Energy in Chemical
Processes and Everyday Life

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

Other Necessary DCIs:
PS1.A: Structure and
Properties of Matter

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

PS1.B: Chemical Reactions

ig lig te California n ironmental Princi les an Conce ts
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
C CCSS

at Connections 6.EE.9

C CCSS for
C

iterac Connections SL.7.1a–d, 4, 5; RST.6–8.1, 2, WHST.6–8.2a–f, 9

D Connections ELD.PI.7.6a–b, 9, 10, 11a
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The assessment boundaries for MS-LS1-6 and MS-LS1-7 both emphasize that the details
of the chemical reactions will not be assessed. However, the wording of the performance
expectations requires at least some discussion of chemistry and chemical reactions. The
assessment boundary statements steer teachers away from having students bogged down
in the details of the chemical reactions, especially the multi-step chemical cycles that might
be addressed in more advanced biology courses. Even though students will not be required
to reproduce any chemical equations on assessments, this instructional segment introduces
the life science application of basic concepts in chemistry such as the energy [CCC-5]
in chemical reactions and conservation of matter in chemical equations. These chemical
processes are at the core of energy and matter flow [CCC-5] within ecosystems (EP&C III).
The discipline specific middle grades course sequence presents some challenges for
teaching these performance expectations in the CA NGSS. Students developed a model
[SEP-2] that matter is made up of particles that are too small to see during grade five

(5-PS-1-1), but they have not yet been introduced to the terms or concepts of atoms,
chemical bonding, or molecules (they address these issues in MS-PS1-1, MS-PS1-2, and
MS-PS1-5 in grade eight in the discipline specific middle grades sequence). It is very
difficult to fully address performance expectations that model [SEP-2] how molecules are
rearranged without introduction to these essential concepts. The snapshot below is one
example of how the essential physical science concepts can be integrated alongside the
teaching of the life science.
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nc oring

enomenon Maple syrup made from tree sap is sweet and sugary.

Mr. G’s class had been investigating photosynthesis for several days to identify
what ingredients plants took in and what waste products they gave off. In the
first day of the lesson, Mr. G wrote a balanced equation for photosynthesis
on the board using both element symbols and common names for each
compound. He described how the glucose in the equation represented the sugary sap that
the students agreed is a product created by the tree. He told students that this equation is
how scientists represent the chemical change [CCC-7] going on inside the tree. He used
the term chemical change without defining it in a technical sense. The distinction between
physical and chemical changes or chemical reactions is not essential for this discussion.
He described how the letters are abbreviations of different types of atoms, and that each
combination of atoms is called a molecule. He also spent a few minutes describing how the
left side of the equation represented the starting ingredients and the right side represented
the material after it had been rearranged to make a tree. He explained the meaning of
the numbers for the subscripts (explaining them as analogous to the numbers in front of
variables in mathematical equations). Mr. G then challenged the students to model [SEP-2]
that reaction using a common children’s toy of interconnecting plastic bricks. Each group of
students had a variety of colored toy bricks that they could assemble in their work areas.
Marco, the reporter for one student group, communicated [SEP-8] how they used a
different type of toy brick for each molecule. Mr. G had noticed that almost all of the other
student groups had used a similar type of modeling. Marco explained how their model
[SEP-2] represented carbon dioxide with the small black brick (just like coal), water with
the small blue brick (just like the ocean), glucose with the big white brick (just like a
sugar cube), and oxygen with the small red brick (just like fire). Kelly, another member
of the same student group, proudly added that they had used six of each color of brick
except for only one white brick so their model was just as correct as the equation that Mr.
G had put on the board.
Mr. G then had everybody gather around the group that included Juanita and
Alex. Alex explained that they had tried to use models where each color of toy brick
represented a different kind of atom in the chemical equation. “Each letter in the chemical
names is a different color,” described Alex, “so we only used three colors.” Juanita
interjected, “But we couldn’t agree about how to put together the glucose molecule.”
Mr. G had everybody return to their working group areas, and he projected illustrations
of models [SEP-2] that scientists use to represent the bonding within and the shapes
of common molecules (carbon dioxide, water, glucose, and oxygen). He challenged the
groups to discuss what kind of materials that they might use to represent those molecules
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and the equation. Walking around the room, he helped steer the conversations toward a
consensus on using different colored sticky notes to represent the three different types
of atoms involved (figure 6.22). Mr. G told them they could use smaller sticky notes to
represent hydrogen atoms since they are the smallest atoms. Students discovered that the
number of sticky notes they used is related to the subscripts and superscripts indicating
the proportional relationships [CCC-3] in the chemical equation.
igure
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Source: Dr. Art Sussman, courtesy of WestEd
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Disci line S ecific ra e Se en nstructional Segment
Cells and Body Systems
Students continue investigating the crosscutting concept of systems [CCC-4] at
a smaller scale [CCC-3] by investigating [SEP-3] systems within individual organisms.
They investigate systems at two major scales: the operations of individual cells and the
operation of the entire organism.
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C
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Guiding Questions
• How do the parts of a cell sustain life?
• How do cells work together to make a complex organism?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Conduct an investigation to provide evidence that living things are made of cells;
either one cell or many different numbers and types of cells. [Clarification Statement: Emphasis
is on developing evidence that living things including Bacteria, Archaea, and Eukarya (CA)
are made of cells, distinguishing between living and non-living things, and understanding that
living things may be made of one cell or many and varied cells. **Viruses, while not cells, have
features that are both common with, and distinct from, cellular life.]
S S
Develop and use a model to describe the function of a cell as a whole and ways
parts of cells contribute to the function. [Clarification Statement: Emphasis is on the cell
functioning as a whole system and the primary role of identified parts of the cell, specifically
the nucleus, chloroplasts, mitochondria, cell membrane, and cell wall.] [Assessment Boundary:
Assessment of organelle structure/function relationships is limited to the cell wall and cell
membrane. Assessment of the function of the other organelles is limited to their relationship to
the whole cell. Assessment does not include the biochemical function of cells or cell parts.]
S S
Use argument supported by evidence for how the body is a system of interacting
subsystems composed of groups of cells. [Clarification Statement: Emphasis is on the conceptual
understanding that cells form tissues and tissues form organs specialized for particular body
functions. Examples could include the interaction of subsystems within a system and the
normal functioning of those systems.] [Assessment Boundary: Assessment does not include the
mechanism of one body system independent of others. Assessment is limited to the circulatory,
excretory, digestive, respiratory, muscular, and nervous systems.]
S S
Gather and synthesize information that sensory receptors respond to stimuli by
sending messages to the brain for immediate behavior or storage as memories. [Assessment
Boundary: Assessment does not include mechanisms for the transmission of this information.]
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.A: Structure and
Function

[CCC-2] Cause and Effect

[SEP-3] Planning and Carrying
Out Investigations

LS1.B: Growth and
Development of Organisms

[SEP-7] Engaging in Argument
from Evidence

LS1.D: Information
Processing

[SEP-8] Obtaining, Evaluating,
and Communicating Information
C CCSS

[CCC-4] Systems and
System Models
[CCC-6] Structure and
Function

at Connections 6.EE.9

C CCSS for
2a–f, 7, 8, 9
C

[CCC-3] Scale, Proportion,
and Quantity

iterac Connections RI.7.8, SL.7.1a–d, 4, 5; RST.6–8.1, WHST.6–8.1a–e,

D Connections ELD.PI.7.6a–b, 9, 10, 11a

Students can easily recognize that their own body is a system. Figure 6.23 illustrates all
five of the key elements of a system [CCC-4] as applied to a human person. It has a clear
boundary (skin) and input and outputs (food and air come in, waste goes out). Humans are
also an exciting expression of how the overall system has properties that are the result of
complex interactions of its parts. Even though the components of each of our bodies are
very similar, small differences within us can lead to large differences in our personalities and
behaviors. In this instructional segment, students explore some of the interactions between
components within living systems, including their own bodies. While the body makes a good
starting point for understanding systems, students will be able to understand the details of
its subsystems by zooming into a system at a much smaller scale [CCC-3] within the body:
the cell. They can then return to the body’s subsystems, ready to understand some of the
mechanisms that allow them to interact.
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Figure 6.23. Features of a Human Person System

Source: From Making Sense of SCIENCE: Water and Climate (WestEd.org/mss) by Folsom and
Daehler. Copyright © 2012 WestEd. Adapted with permission.

Life is the quality that distinguishes living things—composed of living cells—from
nonliving objects or those that died. While a simple definition of life can be difficult to
capture, all living organisms are made of cells whose specialized structure and function
[CCC-6] share some common characteristics. The statement that all living things are

made of cells has a parallel structure to the scientific statement that all matter is made
up of atoms in that both make generalizations about microscopic objects as fundamental
building blocks. Unlike the idea of atoms, cells are at a scale [CCC-3] that can be
readily investigated [SEP-3] and directly observed in a middle grades classroom.
Students conduct an investigation [SEP-3] into different objects, living and nonliving, to
see their differences at the microscopic scale (MS-LS1-1). Figure 6.24 shows a microscopic
view of an igneous rock in comparison to plant and animal skin cells. While all three are
made of smaller pieces, the living cells have consistent patterns [CCC-1] to their shapes
and observable parts within them that are absent from the rock sample. Which of the
differences are important for sustaining life?
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Views under a microscope of rocks, plant cells, and animal cells. The colors are the results of light
polarization and/or stains added to the microscope slides and are not the natural colors. The actual
size of each field of view also differs. Source: M. d’Alessio with images from Sepp 2006, Salvagnin
2009, and Bonert 2009

When adopting the CA NGSS, California added a clarification to MS-LS1-1 to emphasize
the difference between viruses and living organisms. This distinction is important for
understanding antibiotics, which do not help cure diseases caused by viruses. The common
cold, many forms of flu, and AIDS all are caused by viruses that behave differently from
living bacteria, and therefore require different treatments. Viruses carry their own DNA
and once inside a functioning cell of another organism, they basically hijack its functions
[CCC-6] to reproduce themselves. During this process, short sequences of virus DNA are

sometimes inserted into the host organism’s DNA and then are passed on to its descendants.
Maps of the human genome show that about 10 percent of our DNA was probably
accumulated by this process. While most of these segments of DNA serve as inert markers
that allow the tracking of evolutionary relationships, some sections may actually influence
our behavior. For example, some researchers have suggested that DNA sequences inserted
by viruses into ancient human ancestors may lead to predispositions for schizophrenia or
other mood disorders in individuals today (Feschotte 2010). These links, if they exist at
all, are poorly understood. (There is still much more to learn and great opportunities for
jobs studying the relationships between viruses, bacteria, diseases, and cures.) Specifically
emphasizing similarities and differences between viruses and living cells at the middle grades
level has benefits to public health and lays a foundation for more advanced study.
Living organisms are made of cells that operate as complete systems [CCC-4] with
important interacting subsystems. Students develop a model [SEP-2] for a cell describing
the overall system function and the role of its parts (MS-LS1-2). In the CA NGSS, there are
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many ways to employ the practice of developing and applying models [SEP-2] , including
physical, mathematical, conceptual, and pictorial models. One common feature they share
is that all of these models are descriptive enough that they can be used to predict the
behavior of the system. This feature makes models more than just physical representations
of a system and distinguishes a “model” in scientific terms from the everyday language
use of the word. A Styrofoam “representation” of the parts of a cell may not be usable as
a “model” because it only depicts the components of the system and does not represent
their interactions. Adding arrows representing the exchange of energy or matter [CCC-5]
can transform this representation into a model so that, for example, a student examining
the model can predict what would happen if the cell had a defect and did not contain any
mitochondria. Students’ models should be organized around the overall system properties
of a cell (i.e., what it does overall) as well as the roles and interaction between specific
components such as the nucleus, chloroplasts, mitochondria, cell membrane, and cell wall.
Since an important feature of systems is the flow of matter [CCC-5] into and out of
the system, students should pay special attention to the cell membrane and cell wall and
their roles in controlling what enters or leaves cells. Students’ models [SEP-2] of these
boundaries should be detailed enough that they can explain how the physical structure
[CCC-6] of the boundaries facilitate this important function [CCC-6] , though the details of

the biochemistry of this process are not required.
Students’ models [SEP-2] should include details that the nucleus stores genetic
information in chromosomes and that the cell uses this information to synthesize specific
proteins important for the overall function of the cell itself and other cells within the body
system. In high school, students will develop a model of cell division by mitosis (HS-LS14). While the concept of cell division is important for developing models of other aspects
of living systems, it is not specifically required for understanding the cell as a system. The
overall idea that cells divide and duplicate genetic information can therefore be introduced
here, or in IS5 when inheritance is discussed.
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Performance Expectations
Students who demonstrate understanding can do the following:
S S
Use argument supported by evidence for how the body is a system of interacting
subsystems composed of groups of cells. [Clarification Statement: Emphasis is on the
conceptual understanding that cells form tissues and tissues form organs specialized for
particular body functions. Examples could include the interaction of subsystems within a
system and the normal functioning of those systems.] [Assessment Boundary: Assessment
does not include the mechanism of one body system independent of others. Assessment is
limited to the circulatory, excretory, digestive, respiratory, muscular, and nervous systems.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-7] Engaging in
Argument from Evidence

LS1.A: From Molecules to
Organisms: Structures and
Processes

[CCC-4] Systems and System
Models

C CCSS for
C

iterac Connections SL.1, SL.4, W.7.8, RST.6–8.1, WHST.6–8.1, 7, 8, 9

D Connections ELD.PI.7.1, 2, 5, 6a, 6b, 9, 10

Introduction
This vignette presents an example of how teaching and learning may look in a discipline
specific grade seven classroom when the CA NGSS are implemented. The purpose is to
illustrate how a teacher can engage students in three-dimensional learning by providing them
with experiences and opportunities to develop and use the science and engineering practices
and the crosscutting concepts to understand the disciplinary core ideas associated with the
topic in the instructional segment.
It is important to note that the vignette focuses on only a limited number of performance
expectations. It should not be viewed as showing all instruction necessary to prepare students
to fully achieve the performance expectations or complete the instructional segment. Neither
does it indicate that the performance expectations should be taught one at a time.
The vignette uses specific classroom contexts and themes, but it is not meant to imply
that this is the only way or the best way in which students are able to achieve the indicated
performance expectations. Rather, the vignette highlights examples of teaching strategies,
organization of the lesson structure, and possible student responses. Also, science instruction
should take into account that student understanding builds over time and that some topics or
ideas require activating prior knowledge and extend that knowledge by revisiting it throughout
the course of a year.
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Da

rganisms
e Sum of
eir Su s stems
Students integrate their existing knowledge of how trees grow to identify different systems
that help the tree survive and grow.
Da

oing on an nteracti e o
our
Students obtain information about different body systems using an interactive computer
program.
Da

loring t e m act of a Su s stem rea Do n
Students organize their knowledge of the body into a model of interacting subsystems.
They apply their model to predicting the impact of an injury or disease that disrupts part of
the system.
Da s
S nt esi ing an
l ing essons earne
Students select one organ or tissue and obtain information about the role it plays within its
subsystem. They make and support a claim about what will happen if that organ or tissue fails.
Da

rganisms

e Sum of

eir Su s stems

nc oring
enomenon A pine tree struck by lightning on one branch survives and
thrives on other branches.

Ms. K began the second part of her instructional segment after she had completed lessons
about cells as tiny living systems. She told her students that the focus of the next several
lessons would be to build models [SEP-2] of how these cells interact and work together to
make more complicated organisms involving more complicated interacting subsystems (MSLS1-3).
Ms. K showed her students a picture of a pine tree with one branch reaching skyward
blackened by fire but the rest of the tree green and thriving. After she asked students what
they thought had happened, she had them visualize the pine tree as a whole organism then
slowly walked them through the various parts of the tree: the trunk, the crown, the limbs,
the branches and smaller twigs, and finally the needles on the twigs. They also discussed the
purpose and function [CCC-6] of the bark, needles, pinecones, and root system of the tree.
Ms. K explained that the tree can be considered a system [CCC-4] , made up of several subsystems. She then asked students to consider several questions such as, What would happen
if the root system were damaged or fire or a lightning strike compromised the trunk and bark?
er

a

enomenon Giant sequoia trees are some of the largest organisms alive.

Ms. K projected several images of the giant sequoia, Sequoiadendron giganteum, for the
class to view. The images included cross sections of the subsystems discussed in class: trunk,
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roots, and bark. To further engage students in this discussion she asked who had ever seen a
tree this big. A few students mentioned family trips to some of California’s national parks while
others described large trees they pass along the way to school. Ms. K then raised the question
how something that large can stay alive and prompted students to think about what it must
take for this tree to live and grow. Students shared some of their background knowledge
about plants from elementary grades, mentioning things about plants needing water, light,
nutrients, and air to live. She asked students which parts of the tree are responsible for
obtaining each of these resources and framed the problem with the idea that no single part
of the tree has access to all these resources in one place. Ms. K then asked students to draw
and name the subsystems that might enable a tree this large to obtain energy [CCC-5] and
matter and move them around so that each part has everything it needs. They wrote about
their observations of the subsystems and briefly explained how these systems interact.
Building on the students’ knowledge base, Ms. K led a brief class discussion about the
importance of each subsystem to the overall health and function of the tree as a complete
system. As a follow-up, she asked students if they thought that all organisms, including
humans, have systems and subsystems that affect their normal functioning.
Da

oing on an nteracti e o
er

a

our

enomenon Human bodies have different organs and tissues.

The following day, Ms. K helped her students transition to the concept that the body is a
system of multiple interacting subsystems by asking them first to think of the human body as
a complete organism and then prompting them to name the organ systems in the body. As
they spoke, she wrote these down on the whiteboard, while prompting them to discuss the
function of each organ. She then introduced the concept of tissues, drawing a Venn diagram
on the board to emphasize similarities and differences between these scientific terms. After
providing an example of muscle tissue, she asked students to name as many other tissues as
they could think of. Ms. K explained that in these lessons they would make observations about
the interactive relationship between subsystems and the body as a system.
Ms. K arranged her class into small groups of two to four students and directed them to
the online Interactive Body Tour (Donate Life California http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link37) and one other digital source they selected. She assigned each group to obtain
information [SEP-8] about one organ and one tissue. She reminded them that as they
gathered relevant information from the online digital source, they should evaluate [SEP-8] the
credibility of each source and take brief notes about the structure and function [CCC-6] by
quoting or paraphrasing the data and conclusions they were reading. She also asked students
to keep track of at least three questions [SEP-1] their team had. She emphasized that these
questions could be things that they were curious about after exploring the resources. (Other
teachers took a slightly different approach: Mr. S, who did not have time for his students to
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research in class, assigned this research as homework. Mrs. C, whose students did not have
access to computers, reviewed the Interactive Body Tour in a whole group setting and gave
her students additional printed materials.)
Da

loring t e m act of a Su s stem rea Do n
Following the students’ group research assignments, Ms. K had each small
group communicate [SEP-8] their findings for the class. One student from each group wrote
down the key points on the class whiteboard. Ms. K guided students to focus their comments
on the topic of how the structure [CCC-6] of the organ or tissue lends itself to its function
[CCC-6] . She also wrote down the questions they had developed during their group research,
and set them aside for later in the lesson.
Following the presentations, Ms. K extended and guided the discussion by asking the
students to think of organs and tissues as subsystems, and asked students how subsystems
work together in the body to complete a task or regulate body functions, and how the
subsystems communicate with each other. She specifically covered some of the systems
with which the students were most familiar: circulatory, reproductive, excretory, digestive,
respiratory, muscular-skeletal, and nervous systems.
Finally, Ms. K asked her students to think of what might happen to the body if one of the
subsystems were compromised. She asked, for example, how lungs that don’t work would
affect the functioning of our circulatory system and other systems and subsystems in the
human body. Ms. K followed with several more specific examples such as how does low blood
sugar due to a malfunction of the endocrine system (such as diabetes) affect the nervous
system or how an injured ligament might affect other parts of the muscular system.
Ms. K asked students to consider that in many cases, the body can heal itself, as is the
case with the flu or a broken bone. In other cases, medical technology or another strategy
may be helpful to a person who is deaf or has diabetes. She asked them how the failure of
a particular subsystem of the human body critical to the overall well-being and functionality
[CCC-6] of the complete system [CCC-4] might affect the entire body.
n estigati e
enomenon Humans have two kidneys but can survive with just
one. However, they cannot survive when both kidneys fail.

To help her students understand that human health and survival depends on the many
different components of the body, body systems, and the interactions among them, Ms. K
reminded students that humans have two kidneys, although it is possible to live a healthy
life with one. However, she explained to them that if both kidneys fail and cannot clean the
blood of toxins and excess fluids, the toxins build up in the blood and the person will not
survive. In the case of kidney failure, an individual can have the blood artificially cleansed
by a dialysis machine that does the work of the kidneys. In some cases, a person can get a
kidney transplant, from a living donor or from someone who died recently, for example, in an
automobile accident. Ms. K explained the concept of organ transplant and that one person

2016 California Science Framework

Chapter 6

665

Grade Seven Discipline Specific Course Model: Life Science

D SC P
S
C

SP C
C

C

D S
D

P

C SS

can donate tissue—corneas, skin, bones, ligaments and tendons—and up to eight organs—
kidneys, lungs, heart, liver, and intestine—upon death. She asked the students if they knew
anybody who had received a transplant, was waiting for a transplant, or was an organ donor.
Ms. K asked if any of the students were comfortable sharing their example and suggested that
they discuss this important topic with their parents.
Da

S nt esi ing an

l ing essons earne

n estigati e
enomenon When one of the body’s subsystems in compromised,
it can affect other subsystems and the body as a whole (different students investigate
different systems).

Ms. K asked the small groups to refer back to the information they collected about organs
and tissues. First, she reviewed the class questions from earlier in the lesson, addressing any
that had not yet been answered. Then she had students in each small groups choose one
of the organs or tissues that interested them so that different groups investigated different
systems. She asked the students to discuss how partial or complete failure of the selected
organ or tissue might affect the functioning of other subsystems or the human body as a
whole. She instructed students to gather evidence [SEP-7] from additional research using
print and online sources if necessary, and present their results to the class, citing specific
evidence for their conclusions based on their analysis of science and technical texts they
found online or in the library. As an individual assessment, Ms. K required each student to
write a paper arguing [SEP-7] that the body is a system of multiple interacting subsystems
(MS-LS1-3). The argument needed to focus on one organ or tissue subsystem, explain
its structure and function [CCC-6] , and address how a compromised subsystem would
affect the human body system. The students’ writing drew on several sources to bolster their
arguments, including evidence that supports the role of the subsystem’s function in survival,
growth, and/or behavior. Ms. K told them that they had to draw evidence from informational
texts to support analysis, reflection, and research; to include logical reasoning, accurate
data and evidence; and to use a formal writing style. Final manuscripts had to also include
responses to three questions: (1) how might human activity negatively or positively affect the
subsystems? (2) what are some alternatives to support survival, growth, and/or behavior in
the body system when a subsystem is compromised? and (3) what are some examples of the
impact of disease in our society? Students could quote or paraphrase the data and conclusions
from their research, while avoiding plagiarism and providing basic bibliographic information
for sources. This activity was designed to help students develop their understanding that the
systems of the human body interact to perform all of the functions required for healthy lives,
and failure of one or more of these human body systems may lead to illness or death.
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Vignette Debrief
The CA NGSS require that students engage in science and engineering practices to develop
deeper understanding of the disciplinary core ideas and crosscutting concepts. The lessons
gave students multiple opportunities to engage with the core ideas in life sciences related to
an organism as a system of interacting subsystems, helping them to move towards mastery of
the three components described in the CA NGSS performance expectation.
SEPs. Students o taine e aluate an communicate information S P
and engaged in argument from evidence [SEP-7] . Life sciences lend themselves well
to developing students’ abilities to gather information from a variety of sources, consider
the validity and importance of data, and communicate [SEP-8] to others what they have
learned. Students developed their abilities to make oral and written arguments supported by
empirical evidence and sound scientific reasoning on days 4–5. Their reasoning was based on
a model [SEP-2] of the body’s interacting subsystems that students developed in prior days
using the information they obtained.
DCIs. This vignette helped students understand how multicellular organisms use groups of
cells that work together to form tissues and organs (LS1.A Structure and Function).
CCCs. The emphasis within LS1.A was that students think of a multicellular organism
as a system [CCC-4] composed of interacting subsystems. While students had modeled
simple systems in elementary school, the notion of systems being composed of interacting
subsystems was a new level of understanding expected in the middle grades (appendix 1).
Students also used a giant sequoia as a model of interacting systems and applied it to the
human body as evidence [SEP-7] of the structure and function [CCC-6] of an organism’s
system and subsystems. During their research on different body systems, they likely saw
examples of how certain systems had structures that achieved the needed functions of the
systems. The assessment boundary of MS-LS1-3 indicates that the mechanisms that allow
a single system to work in isolation are not part of the assessment (e.g., students will not
be assessed on how the heart’s structure enables the body to pump blood, but rather on
relationships between systems such as the importance of interactions between the circulatory
and respiratory systems).
C CCSS Connections to nglis
anguage rts an
at ematics Students used the
Interactive Body Guide from Donate Life California (day 2) and other resources (days 4–5) to
research the different structures and functions of the human body (WHST.6–8.7-8). In their
research, students had to determine the validity of a source and quote or paraphrase relevant
information (W.7.8). In addition, they participated in a range of collaborative discussions
(SL.7.1) and presented their claims and findings about the human body’s subsystems in front
of the class (SL.7.4). Their arguments focused on disciplinary content (WHST.6–8.1) and drew
evidence from their texts (WHST.6–8.9).
esources
Donate Life California. 2015. Interactive Body Tour. http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link38
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While many of the body systems are essential for regulating stability [CCC-7] within
an organism, other systems help it interact with the environment around it. In grade four,
students created a model of how animals use sense organs to gather, process, and respond
to information using their senses and nervous system (4-LS1-2). Now, students focus on
the relationship between how sensory stimuli are stored or acted upon. Despite significant
advances in medical imaging of the brain, there is still a huge amount of uncertainty about
how these processes work. In honor of its 125th anniversary, Science Magazine published
a list of the 125 biggest unanswered questions in science and many of them related to
sensory perception and memory storage (accessed at http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link39). For example, little is known about how memories are encoded, the purpose of
dreams and how they relate to sensory perception and memory storage, or the biological
basis of consciousness itself. While computing power has improved dramatically in recent
decades, humans remain superior to artificial intelligence in facial recognition (including
perceiving emotional states) and simple everyday perceptual tasks (such as reaching into
a laundry basket and finding the corners of a towel in order to pick it up and fold it [UC
Berkeley Cal Alumni Association, California magazine http://www.cde.ca.gov/ci/sc/cf/
ch6.asp#link40]). Students are fascinated by these topics, and the CA NGSS includes a
performance expectation that they will be able to gather and synthesize information about
the interaction between human sensory and nervous systems (MS-LS1-8). This provides
an excellent opportunity to encourage students to ask questions [SEP-1] and o tain
e aluate an communicate information S P

about possible answers and, more

importantly, about more specific questions and subquestions that must be answered in
order to answer the big-picture questions that many students likely have.
Students will not be assessed on the mechanisms by which sensory information is
conveyed to the brain for MS-LS1-8, but their model of how subsystems interact for
MS-LS1-3 should include a survey of these mechanisms. Body systems often communicate
chemically through hormones and neurotransmitters. With this model [SEP-2] of
interactions, students can ask questions [SEP-1] about the effects of drugs and alcohol on
their body functions (CA Health Education Standard 7–8.1.1.A).
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Disci line S ecific ra e Se en Sna s ot
at s in t e ater
nc oring

enomenon Tiny microscopic organisms live in pond water.

Mrs. N’s class took occasional walking field trips to a creek near the school
to study the local ecosystem. During the most recent trip, students collected
water samples and brought them back to the classroom. Mrs. N asked
students if they would want to drink the water in the creek and they all
said no because it was too dirty. But what does it mean for water to be dirty? Students
took turns looking at drops of water under the classroom microscopes. They noticed all
sorts of tiny plants, moving animals, and bits of dirt, even in water samples that appeared
clear to the naked eye. Mrs. N gave the students the opportunity to compare water from
a local pond with tap water. They compared the pond water to filtered pond water and
then to tap water. Students observed that the filtered pond water had fewer particles,
than the unfiltered pond water, and that the tap water had almost no particles in it. Mrs.
N challenged students to come up with a system to quantify [CCC-3] the number of
particles in a water sample. Each group constructed a bar graph showing the relative
number of particles and then compared their measurement to the other groups. Were
the differences related to the measurement technique or the water samples themselves?
Student groups decided to switch water droplet microscope slides with another team to
test out their ideas.
er

a

enomenon Our drinking water is not pure H2O.

Students then obtained information [SEP-8] from their water utility about the
different contaminants in their local drinking water (water agencies are required to publish
an annual report and most of these are available online). They learned the distinction
between organic contaminants (like bacteria) and inorganic ones (like lead and arsenic).
They evaluated how their water compared to another city (such as Flint, Michigan, which
experienced unacceptable levels of lead contamination in 2015). The effects of nonmicrobial contaminants such as heavy metals were not as direct and Mrs. N decided to
focus on the infectious diseases.
er a
enomenon Outbreaks of disease were common in California during
the Gold Rush Era.

While students could see the differences in both the water samples and the reported
measurements, they did not yet appreciate why these numbers mattered. Mrs. N set the
stage about the prevalence of water borne diseases by having students read an article
about life in Gold Rush-era California, including the regular deaths from diseases like
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at s in t e ater
cholera and typhoid. An outbreak in 1850 may have killed 15 percent of Sacramento
residents (Roth 1997).
n estigati e
enomenon When Pittsburgh installed a citywide water filtration
system, the number of people dying from disease dropped within a year or two.

Sacramento was not unusual and infectious diseases were a major problem in US
cities until midway through twentieth century. Mrs. N was born in Pittsburgh, where the
rate of death from diseases in 1900 was the highest of any major US city. Students read
an article about how city health officials and engineers changed that by installing a water
filtration system in their public water system that cut the death rate from typhoid by
almost a factor of 10 within two years (figure 6.25). Mrs. N emphasized ETS2.B (Influence
of Engineering, Technology, and Science on Society and the Natural World).
igure

Deat s from

oi in Pitts urg Penns l ania
Water Filtration Saves Lives in Pittsburgh
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Source: Adapted from Pittsburgh City Photographer 1917.
Mrs. N wanted to make sure that students were able to see the connection between
water filtration technology, diseases, and their hands-on experience with the organisms
in the pond water. Working in groups, she had students draw a simple pictorial model
[SEP-2] that illustrated the relationships. Each student then individually wrote a caption
with an explanation [SEP-6] about how water filters remove organisms that cause
[CCC-2] disease. Mrs. N told students that next week they would design and test their
own water filters.
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at s in t e ater
Before moving on, Mrs. N led a discussion of one more aspect of the Pittsburgh
story. One factor that made the city so vulnerable to disease was that the local drinking
water source, the Alleghany River, was also a dumping ground for raw sewage for many
upstream communities. Mrs. N told students that when people release materials like
sewage into a river, they cause what is called water pollution. She asked students if they
were aware of any water pollution at the school or in the local community. Students
identified several examples of pollution on campus and in the streets by the school,
including oil dripping from cars that then flowed down the gutters on the street and into
the storm drains. One of the students mentioned that she has seen drains along the street
that are labeled, “No Dumping, Leads to Ocean.” Mrs. N asked, “Why is this important?”
Several students mentioned that on a recent field trip to the coast they learned that
oil coming from the storm drain system had been observed along the coast and it had
damaged parts of the coastline and some of the wildlife that lives there (EP&Cs II and
IV). Mrs. N asked students to reflect on who is affected more by human pollution: natural
systems or humans themselves.
Mrs. N asked students if they thought that we still dump our sewage into rivers and
water. They then learned more about modern wastewater treatment in preparation for a
trip to a local wastewater treatment plant.
Resource
California Education and the Environment Initiative. 2013. Our Water: Sources and Uses.
Sacramento: Office of Education and the Environment accessed at http://www.cde.
ca.gov/ci/sc/cf/ch6.asp#link41.
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Disci line S ecific ra e Se en nstructional Segment
Evidence of Evolution
Students have documented similarities and differences between organisms since
kindergarten and analyzed how fossils record ancient life in grade three (3-LS4-1). Now they
use these ideas together to discover evidence that plants and animals have changed over
time.
D SC P
SP C
C
D
EVIDENCE OF EVOLUTION

S

S

C

S

Guiding Questions
• In what ways are humans similar to dinosaurs?
• How do rocks tell us about the history of life?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Analyze and interpret data for patterns in the fossil record that document the
existence, diversity, extinction, and change of life forms throughout the history of life on Earth
under the assumption that natural laws operate today as in the past. [Clarification Statement:
Emphasis is on finding patterns of changes in the level of complexity of anatomical structures
in organisms and the chronological order of fossil appearance in the rock layers.] [Assessment
Boundary: Assessment does not include the names of individual species or geological eras in the
fossil record.]
S S
Apply scientific ideas to construct an explanation for the anatomical similarities
and differences among modern organisms and between modern and fossil organisms to
infer evolutionary relationships. [Clarification Statement: Emphasis is on explanations of the
evolutionary relationships among organisms in terms of similarity or differences of the gross
appearance of anatomical structures.]
S S
Analyze displays of pictorial data to compare patterns of similarities in the
embryological development across multiple species to identify relationships not evident in the
fully formed anatomy. [Clarification Statement: Emphasis is on inferring general patterns of
relatedness among embryos of different organisms by comparing the macroscopic appearance
of diagrams or pictures.] [Assessment Boundary: Assessment of comparisons is limited to gross
appearance of anatomical structures in embryological development.]
S S
Construct an explanation based on evidence that describes how genetic variations
of traits in a population increase some individuals’ probability of surviving and reproducing
in a specific environment. [Clarification Statement: Emphasis is on using simple probability
statements and proportional reasoning to construct explanations.]
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D SC P
SP C
C
D
EVIDENCE OF EVOLUTION

S

S

C

S

The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS4.A: Evidence of
Common Ancestry and
Diversity

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

LS4.B: Natural Selection

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
ig lig te California n ironmental Princi les an Conce ts
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
C CCSS

at Connections 6.EE.6, 6.SP.5a–d, 6.RP.1, 7.RP.2a–d, MP.4

C CCSS for
C

iterac Connections SL.7.1a–d, 4; RST.6–8.1, 7, 9; WHST.6–8.2a–f, 9

D Connections ELD.PI.7.6a–b, 9, 10, 11a

All living organisms have cells that use the same basic structure [CCC-6] made
out of the same basic materials. How did that happen? One possibility is that each of
these organisms independently arrived at this same system [CCC-4] because it works
so well, while another option is that organisms all share a common origin and that
species have been slowly revising and changing over time. These two possibilities would
produce different patterns [CCC-1] of change over time [CCC-7] and can therefore
be investigated [SEP-3] . While it would be ideal to observe evolution happening in real
time, evolution requires changes that span many generations, and can only be directly
observed in organisms that reproduce very quickly such as bacteria in petri dishes. For
most other species, scientists have sought other lines of evidence [SEP-7] . Tracking
evolutionary history through chemical markers (such as similarities in DNA) is at the
forefront of modern biology, but in the middle grades students should be looking for more
tangible expression of evolution. This evidence comes from the fossil record.
In grade six, students developed a model [SEP-2] for interpreting layers of rock like
pages of a history book. Scientists studying the history of life can look at the sequence
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of living organisms recorded as fossils in these layers, observing the sequence of how
organisms have changed from layer to layer over time. The fossil record allows scientists to
peer back over a very long timescale [CCC-3] and discover transitional life forms as well
as indications of organisms that no longer exist, and when the earliest members of each
group first appeared.
Even though fossilized dinosaur bones look like bones, fossils are actually made of rock
minerals that have completely replaced the original bones. Molecule-by-molecule, bone
material goes away and gets replaced by rock material. As a result, fossils tell us nothing
about what bones are made of—they only preserve the shapes of hard shells and skeletons
of organisms (soft tissues usually decompose too quickly and are rarely preserved in the
fossil record). Before looking too far back in time, it helps to start with an investigation
[SEP-3] comparing the shapes of different skeletons of modern organisms using

schematics of the appendages of many creatures, including humans. Students can recognize
the pattern [CCC-1] that even though all the organisms look very different overall, they
share the exact same bone structure (including the number of bones and their relative
position). There are of course differences in the relative and absolute sizes of each bone.
The differences make sense because the structure [CCC-6] of the bones relates to
the function [CCC-6] of the arm. In an organism like a bat that uses its front appendage
for flight, certain bones must be much longer. Organisms that walk on four legs must have
bones sturdy enough to support weight, while those that walk on two legs can have much
lighter-weight front arms (figure 6.26).
Figure 6.26. Bone Structures

Bone structure of appendages from many different classes of animals. Source: Lawson 2007
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ortunities for

at ematics Connections

A monkey that swings through the trees needs to use its arms as levers to propel
itself from branch to branch while arms play less of a locomotion role for humans.
Students can look at these differences more quantitatively by comparing the ratio of
forearm to upper arm length in various organisms. Students begin by measuring the
lengths of each part of the arm on members of their class and compiling a whole-class
data set. They need to come to consensus on where to measure to ensure consistent
data. They then compile whole-class data (perhaps using an online spreadsheet)
and graph forearm versus upper arm lengths (CA CCSSM 7.RP.2) to find that there
is a relatively consistent constant of proportionality [CCC-3] . Even though each
student is different and there is a range of sizes, what causes humans to have such a
remarkably similar ratio between the lengths of the two parts of our arms? Using simple
pictures of various animals obtained from the Internet, students measure the length
of forearms and upper arms and calculate the ratio (CA CCSSM 7.RP.1). When animals
are grouped based on the way they move around, are there similarities? If so, why?
And how did these similarities come about? These types of questions where neither
student nor teacher knows the answer ahead of time are excellent examples of real
scientific investigations [SEP-3] . While some classic experiments are definitely worth
conducting, asking questions [SEP-1] in which the answers are unknown to everyone
(including Internet search engines) is a more authentic representation of the way
science is conducted by practicing scientists who are trying to discover new things based
on the questions that they have asked (and there are no answers in the back of the
book that they can consult to check if they are right because nobody knows the answers
yet). Note that the names of individual bones do not even need to be introduced—the
emphasis here is on looking for patterns [CCC-1] in the measurements. Students use
these patterns to explain [SEP-6] how animals have a specific ratio of forearm to upper
arm length that helps them survive in a specific environment, allowing them to swing
from trees or race across a grassland (MS-LS4-4).

There must be some mechanism that causes [CCC-2] all these diverse animals to share
the same overall bone structure. Hints of this process come from looking at the progression
of fossils over time. Looking back at the oldest rocks on Earth, there are no fossils (even
in rock types that are similar to younger rocks that do preserve fossils). This tells us that
there was a time when there was no life on Earth. The oldest rocks show only that simple
fossils and organisms get more and more complex as geologic time passes. Around 500
million years ago, fossils of fish with internal skeletons begin to appear. From then on,
there are distinct patterns [CCC-1] in bone structures in related organisms over time.
Students should be able to interpret examples from the fossil record to identify patterns
[CCC-1] of change [CCC-7] (MS-LS4-1). Examples are rear leg bones that get shorter

over millions of years as marine mammals moved from land into the sea and shrinking tails
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as humans and other great apes moved from the trees to the ground. As students analyze
images of the embryos of many of these organisms, they find that many of the differences
tend to emerge late in the embryological development (MS-LS4-3), and that embryos of
different species follow a surprisingly similar pattern of development. Students use patterns
[CCC-1] in bone structure [CCC-6] and embryo development as evidence [SEP-7] for a

scientific explanation [SEP-6] that these organisms are related through common ancestry
and that species have evolved over time (MS-LS4-2). They will revisit this explanation in IS6
when they can add additional reasoning about the mechanism of natural selection that has
caused some of these changes. At this point, students should end this instructional segment
with a sense of wonder and a series of questions [SEP-1] about how this systematic series
of changes could have occurred.

Disci line S ecific ra e Se en nstructional Segment
Inheritance and Genetics
In the previous instructional segment, students saw evidence [SEP-7] that life
has evolved over many generations. The next two instructional segments allow students to
construct a model [SEP-2] of the mechanism that allows evolution to occur.

D SC P
SP C
C
D S
INHERITANCE AND GENETICS

S

C

S

Guiding Questions
• How do cells know what to do and how to accomplish it?
• Why do children look like their parents?
• What causes differences between individuals?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Develop and use a model to describe why structural changes to genes (mutations)
located on chromosomes may affect proteins and may result in harmful, beneficial, or neutral
effects to the structure and function of the organism. [Clarification Statement: Emphasis is
on conceptual understanding that changes in genetic material may result in making different
proteins.] [Assessment Boundary: Assessment does not include specific changes at the
molecular level, mechanisms for protein synthesis, or specific types of mutations.]
S S
Develop and use a model to describe why asexual reproduction results in offspring
with identical genetic information and sexual reproduction results in offspring with genetic
variation.[Clarification Statement: Emphasis is on using models such as Punnett squares,
diagrams, and simulations to describe the cause and effect relationship of gene transmission
from parent(s) to offspring and resulting genetic variation.]
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D SC P
SP C
C
D S
INHERITANCE AND GENETICS

S

C

S

S S
Gather and synthesize information about the technologies that have changed the
way humans influence the inheritance of desired traits in organisms. [Clarification Statement:
Emphasis is on synthesizing information from reliable sources about the influence of humans on
genetic outcomes in artificial selection (such as genetic modification, animal husbandry, gene
therapy); and, on the impacts these technologies have on society as well as the technologies
leading to these scientific discoveries.]
S
S
Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

LS1.B: Growth and
Development of Organisms

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and
Using Models

LS3.A: Inheritance of Traits

[CCC-6] Structure and Function

LS3.B: Variation of Traits
ETS1.A: Defining and
Delimiting Engineering
Problems

C CCSS

at Connections 6.SP.5a–d, MP.4

C CCSS for
C

iterac Connections SL.7.5; RST.6–8.1, 4, 7; WHST.6–8.8

D Connections ELD.PI.7.6a–b, 9, 10, 11a

Each student in a classroom or a school is unique in appearance and behavior.
Organism structures and behaviors are features that generally apply to all members of a
species. Examples of human features are eye color, body size, blood type, and personality
characteristics such as introversion/extroversion. If a feature normally has a pattern of
varying among individuals, then we describe those variations as being traits of that feature.
For example, each different blood type is a trait, as is each different eye color or hair color.
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Many physical traits can be expressed by a measurable quantity [CCC-3] such
as height, arm length, and hand span. Students have the most prior knowledge
with height as a visualizable quantity, but it also can be a sensitive topic for
some students. It is important for students to recognize individual differences in
appearance and development, and this data-collection activity can engage students in
an important discussion that goes beyond scientific facts (Health Education Standards
7–8.1.8.G, 7–8.2.1.G). Teachers should pick a measurable quantity that will be
meaningful and socially comfortable for their classroom. For example, students estimate
the average height of a student in grade seven at their school by sampling students in
their science class (CA CCSSM 7.SP.1). Being tall can be an advantage in some situations,
but a disadvantage in others. Which students are better suited to reaching books on the
top shelf in the library? Which students will likely be more comfortable on an airplane
where seats are close together?

The discussion of student height introduces the idea that traits vary within a population
and that certain traits give organisms an advantage in specific environmental conditions. It
also raises some fundamental questions: What determines how tall a person will grow? How
does the body know when to stop growing?
Students probably have some prior knowledge that their height may depend in part on
their parents’ height. Students extend their statistical study by surveying their parents and
creating a scatter plot of student height versus average height of parents. With this in mind,
humans can have some influence on the height of their children by the people they choose
as their mates. While students may or may not see much advantage in having an impact on
the height of their children, there are many other situations in which humans have a strong
influence on the traits of other organisms, especially plants and animals used for food, as
pets, or as decoration.
Before delving into the mechanisms of genetic inheritance in detail, classes can motivate
the study by researching some specific cases of this artificial human influence on traits.
Individuals or groups of students choose a food, pet, or garden species and obtain
information [SEP-8] from Internet resources about the specific desirable traits that humans

have sought for their chosen species and how humans have used selective breeding and,
more recently, genetic modifications to influence these traits (corn and cattle make great
stories and can be linked to cultural histories as well). This investigation [SEP-3] into
interesting applications of science to societal issues is not an optional sidetrack, but is an
explicit performance expectation in the CA NGSS (MS-LS4-5). Students will return to their
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findings after learning more in the core of this instructional segment.
In their study of selective breeding and genetic modification, students will be exposed
to the terms of genes and reproduction. They are ready to engage in a series of activities
that helps them develop a model [SEP-2] of how reproduction relates to the inheritance
of traits through genes (MS-LS3-2). Students typically learn about genes by analyzing
the results of Mendel’s experiments with pea plants. In analyzing these or other classic
examples of genetic experiments, students often use Punnett squares (an example of a
diagram as a model [SEP-2] ) to predict or explain the traits in progeny and then conclude
based on evidence [SEP-7] that some gene alleles are recessive, others are dominant, and
some do not fit the dominant/recessive dichotomy.

Disci line S ecific ra e Se en Sna s ot
Asexual and Sexual Reproduction
nc oring
enomenon Sunflowers, earthworms, strawberries, and whiptail
lizards reproduce using different processes.

Ms. Z wanted to use an engaging activity to help students to transition
from their analyses of the causal [CCC-2] connections between genes and
traits into models [SEP-2] comparing asexual and sexual reproduction
(MS-LS3-2). Basing the activity on an interactive lesson from the University
of Utah Learn.Genetics Web site (see “Sexual vs. Asexual Reproduction” at http://www.
cde.ca.gov/ci/sc/cf/ch6.asp#link42), Ms. Z provided background information about
reproduction in sunflowers, earthworms, strawberries, and whiptail lizards. Students
discussed in teams how to describe the reproductive process in each organism (asexual,
sexual, or both) and the evidence [SEP-7] for their categorizations. Whole-class sharing
resulted in common answers and evidence. Small student teams then explored the Web
site (in a computer lab, in class with tablets, at home, or in a library) and selected two
organisms that have different processes of reproduction.
The following day, student teams made system models [SEP-2] of the reproduction
processes for each of their two selected organisms. Each of the system models had to
explain why the progeny would have identical or different genetic information from each
other. Students posted one of their system models on the wall; they then individually
walked around the room and analyzed each posted model. They posted sticky notes next
to the models with any questions [SEP-1] or disagreements they had with respect to the
conclusions and/or evidence. After the presenters had time to look at the sticky notes,
the whole class paid attention as each presenting team appropriately responded to the
comments.
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Discussions of traits can get sidetracked by either/or arguments about the roles of genes
and the environment in determining traits (the age-old nature–nurture debate). In the case
of organism traits, there are some traits that are essentially all genetic (e.g., blood type)
and other traits that have a very large environmental component (e.g., being able to play
the guitar or having large muscles due to exercise). Most traits are a combination of genetic
and environmental influence, and can be placed somewhere along the continuum between
the extremes examples (figure 6.27).
Figure 6.27. Genetic and Environmental

Some traits are essentially all genetic, and some are mostly environmental. Most traits are strongly
influenced both by genes and the environment. Source: From Making Sense of SCIENCE: Genes and
Traits (WestEd.org/mss) by Daehler and Folsom. Copyright © 2015 WestEd. Reproduced with permission.

Students should be able to draw connections between their model [SEP-2] of the
cell system [CCC-4] and their model of reproduction. In particular, the genetic code
is stored on chromosomes located within the cell nucleus. The chromosomes can be
thought of as recipe books that contain the list of ingredients to make specific proteins
and molecules needed for the cell to function. The recipe analogy is a conceptual model
that students can develop and apply to help understand genetic inheritance and mutations
(MS-LS3-1) because the rearrangement of food molecules into these essential molecules
is what causes [CCC-2] all changes [CCC-7] to an organism’s structure [CCC-6] and
behavior. The details of how this happens (including the discussion of DNA) is reserved
for high school (HS-LS1-1), but understanding the role of protein synthesis in determining
traits is part of grade seven (MS-LS3-1). Despite this fundamental role, there are many
unanswered questions [SEP-1] about the exact mechanisms by which proteins influence
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traits. For example, specific molecules described in our genes trigger cell growth, but how
exactly does the body know when to stop growing? In other words, scientists cannot fully
answer the question of why some students are shorter than others that was raised at the
beginning of the instructional segment. Or how does this recipe book ensure that a person’s
left leg stops growing at the same time as the right leg? Puberty is triggered by the release
of hormones encoded in the genetic code, but what determines when puberty will start?
It appears that diet, including the diet of the person’s mother while she was pregnant, can
have an impact on when these molecules are synthesized using the recipe in the genetic
code, but how that works remains a mystery. All of these big questions are listed as some of
the 125 biggest unanswered questions in science, according to the journal Science (Science
Magazine 2005). Teachers can emphasize that scientific inquiry will never answer all our
questions because each piece of new knowledge leads to new questions [SEP-1] .
The examples above primarily pertain to physical traits, but the genetic code also plays a
role in regulating the behavior of organisms, including people. For example, when students
are frightened, their bodies suddenly release the molecule norepinephrine into their blood
stream, causing a cascade of changes [CCC-7] to their heart rate, blood pressure, and
breathing. This fight-or-flight response is an important instinct for survival, and the same
basic response also occurs during exercise or hard physical work. Imagine what would
happen if a person’s genetic code had an incorrect recipe for making norepinephrine. They
would be unable to make sudden changes in their activity level. This genetic defect is
extremely rare, but is called DBH deficiency and has been documented in fewer than 20
people in the world (Genetics Home Reference 2008). It happens when there is a small
error copying the genetic code during sexual reproduction. This copying error is called a
mutation. While DBH deficiency is caused by a rare mutation, other mutations are extremely
common and cause a wide range of other changes in organisms. Students should be able to
come up with other examples of changes that could benefit organisms, hurt them, or have
neutral impacts on the organism’s overall structure [CCC-6] or behavior (MS-LS3-1).
Classic genetics tends to reinforce a preconception that each trait is caused by one gene.
Students may also hold a parallel preconception that each gene influences only one trait.
Students can cite as evidence [SEP-7] countering that preconception that the ABCC11
gene on chromosome 16 helps create molecules that determine the type of earwax a
person has and also the amount of underarm odor. Each of these processes may require
the same proteins to be synthesized and therefore rely on the same section of DNA (the
same “gene”), but they also require multiple other proteins stored in different segments of
DNA and therefore rely on a number of genes. Figure 6.28 contrasts incorrect and correct
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concepts about the causal [CCC-2] linkages between genes and traits. This figure doesn’t
capture the fact that large sections of DNA appear to do nothing at all and may be relicts
left over by evolution. As much as 98 percent of human DNA may be “non-coding” (meaning
it is not used to synthesize proteins), though it is difficult to say for sure that these
sequences are never used. Many other organisms use a much higher portion of their DNA.
Figure 6.28. Incorrect and Correct Ideas about Genes and Traits
IDEAS ABOUT Genes & Traits
INCORRECT

CORRECT

Each genetic trait is determined by the
alleles for a sing le gene.

Traits are usually determined by the
alleles of multiple genes.

Gene X

Trait 1

Gene X
Gene Y

Trait 1

Gene Z
INCORRECT

CORRECT

The alleles for a sing le gene only
influences one trait.

The alleles for a sing le gene typically
influence multiple traits.

Gene X

Trait 1

Trait 1
Gene X

Trait 2
Trait 3

Multiple genes typically determine a specific trait, and an individual gene typically influences multiple
traits. Source: From Making Sense of SCIENCE: Genes and Traits (WestEd.org/mss) by Daehler and
Folsom. Copyright © 2015 WestEd. Reproduced with permission.

Students can now revisit their project investigating [SEP-3] how humans can influence
traits and apply their models [SEP-2] of genetic inheritance and mutations to evaluating
the information [SEP-8] they obtained earlier in the instructional segment (MS-LS4-5). By

using selective breeding, humans influence the combinations during sexual selection. By
genetic modification, humans induce specific “mutations” (in this case, large scale [CCC-3]
changes to an organism’s genetic code rather than simply copying errors). For example,
the full genetic code from a jellyfish that allows it to glow green can be inserted into the
feline genetic code such that cats are born glowing green (Mayo Clinic 2011). While that
modification is not very practical (nor harmful), those researchers simultaneously inserted
genetic code that could also reduce the chances of the cats contracting feline AIDS (the
green glow was used as a marker to visually demonstrate that the genetic sequences were
successfully inserted). The work is in the exploratory stages and may one day help scientists
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find cures for AIDS in humans. Students can apply their models of genetic modifications to
food products, such as corn that produces its own insecticide or canola plants that produce
nutritious omega-3 oils using inserted genetic code from algae. These products could
transform our food supply, but their long-term effects on human health and ecosystems
are largely unstudied. Students of today will likely need to make important policy decisions
about whether or not the benefits of these modifications outweigh their possible costs
or risks (MS-ETS1-1, EP&C V). As students evaluate the information [SEP-8] they find
about these genetically modified products, they should search for resources that attempt
to quantify [CCC-3] the costs or benefits and favor resources that provide this information
over resources that make vague or general statements.

Opportunities for ELA/ELD Connections
Students write a letter to a farmer about whether or not they should use seeds that
have been genetically modified, determining whether or not the benefits of these
modifications outweigh any known or projected costs or benefits. Evidence and
examples should be supported by specific research and data. Have students use an
organizational writing tool to outline the purpose, audience, and format of the letter.
C CCSS for
iterac Stan ar s WHST.6–8.1
C
D Stan ar s ELD.PI.6–8.10

Disci line S ecific
Natural Selection

ra e Se en nstructional Segment

Instructional segment six builds from and extends the ideas about inheritance
and variation within and across species developed in IS5, which began with students
using graphical and mathematical representations [SEP-5] of a trait such as height. This
instructional segment focuses on how the frequency of different traits changes [CCC-7]
over time in a population.
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D SC P
SP C
C
NATURAL SELECTION

D

S

S

C

S

Guiding Questions
• How do specific traits help organisms access or utilize resources more efficiently?
• How does a population benefit from having diversity within it?
• What does it mean to have survival of the fittest?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Use argument based on empirical evidence and scientific reasoning to support an
explanation for how characteristic animal behaviors and specialized plant structures affect the
probability of successful reproduction of animals and plants respectively. [Clarification Statement:
Examples of behaviors that affect the probability of animal reproduction could include nest
building to protect young from cold, herding of animals to protect young from predators, and
vocalization of animals and colorful plumage to attract mates for breeding. Examples of animal
behaviors that affect the probability of plant reproduction could include transferring pollen or
seeds, and creating conditions for seed germination and growth. Examples of plant structures
could include bright flowers attracting butterflies that transfer pollen, flower nectar and odors
that attract insects that transfer pollen, and hard shells on nuts that squirrels bury.]
S S
Analyze and interpret data to provide evidence for the effects of resource availability
on organisms and populations of organisms in an ecosystem. [Clarification Statement: Emphasis
is on cause and effect relationships between resources and growth of individual organisms and
the numbers of organisms in ecosystems during periods of abundant and scarce resources.]
S S
Construct an explanation based on evidence that describes how genetic variations
of traits in a population increase some individuals’ probability of surviving and reproducing
in a specific environment. [Clarification Statement: Emphasis is on using simple probability
statements and proportional reasoning to construct explanations.]
S S
Use mathematical representations to support explanations of how natural selection
may lead to increases and decreases of specific traits in populations over time. [Clarification
Statement: Emphasis is on using mathematical models, probability statements, and proportional
reasoning to support explanations of trends in changes to populations over time.] [Assessment
Boundary: Assessment does not include Hardy Weinberg calculations.]
S
S
Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
S
S
Evaluate competing design solutions using a systematic process to determine how
well they meet the criteria and constraints of the problem.
S
S
Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.B: Growth and
Development of Organisms

[SEP-2] Developing and Using
Models

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-4] Analyzing and
Interpreting Data

LS4.B: Natural Selection

[SEP-5] Using Mathematics and
Computational Thinking

ETS1.A: Defining and
Delimiting Engineering
Problems

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)
[SEP-7] Engaging in Argument
from Evidence

[CCC-6] Structure and
Function

LS4.C: Adaptation

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the
Design Solution

ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
C CCSS

at Connections 6.SP.2, 6.RP.1, 7.RP.2a–d, MP.4

C CCSS for
SL.7.1a–d, SL.7.4
C

iterac Connections RST.6–8.1, 7, 9; RI.7.8, WHST.6–8.1a–e, 2a–f;

D Connections ELD.PI.1.1, 3, 6a, 6b, 10b, 11a
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In the previous instructional segment, students were able to explain how humans
identify certain favorable traits and try to encourage them by selective breeding or genetic
modification. Natural populations follow a similar process in which adaptation of the
population occurs through natural selection, which favors those traits that are the best fit to
a given environment (i.e., they benefit survival and reproduction). Natural selection exists
at the intersection between genetic inheritance (from IS5) and ecosystem energy flows
[CCC-5] (from IS1). Selection within a population only occurs through breeding over many

generations when there are limited energ

matter CCC

, or space resources within the

ecosystem. Specific traits may allow animals to obtain or use resources more efficiently, and
therefore improve an organism’s chance to reproduce.
Students begin by analyzing data [SEP-4] about how resource availability affects
populations (MS-LS2-1). In California, many of the variations in resource availability relate
to fluctuations in climatic conditions such as cycles of rainfall and drought, often tied to
conditions in the ocean called El Niño (California Department of Fish and Wildlife, http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link43). Students can use existing data sets of duck
(California Department of Fish and Wildlife, http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link44)
or deer (Nevada Department of Wildlife, http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link45)
populations compared to annual rainfall during multiple cycles of drought; marine mammal
or salmon populations during El Niño versus non-El Niño years; or even food prices such
as corn and soy beans during El Niño cycles. Teachers should encourage students to ask
questions [SEP-1] about what might happen to these populations as climates change and

what impact humans might be having on these changes (EP&C II, III). While most answers
are not within the scope of the middle grades curriculum in the CA NGSS, they are a major
focus of the high school performance expectations for life and Earth science.
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Graphing Fish Populations
nc oring
enomenon Malnourished sea lion pups have been showing up on
Southern California beaches.

Mr. M led an activity in which students analyzed population data [SEP-4]
(MS-LS2-1) by showing a video clip of a news story about how large numbers
of sea lion pups had been showing up malnourished and abandoned by their
parents on a beach in Southern California. While this is known to happen,
the newscast emphasized that this year had many more abandoned pups than usual. After
showing the news story, Mr. M asked students to suggest possible causes [CCC-2] for
this problem. Students had recently created a food web that included sea lions and they
knew that the pups depended on sardines and anchovies as their primary food. Freddy
suggested that something caused these populations to drop.
n estigati e
enomenon The number of sardines and anchovies varies
across the seasons and from year to year.

Mr. M provided students with a data table showing the number of sardines and
anchovies caught every month over a ten-year period. He explained that the number of
fish caught is a good way to estimate the total population size because nets catch more
fish when there are more fish in the ocean (EP&C I). He said that the nets are somewhat
analogous to a random sample of the ocean’s fish population density (CA CCSSM 7.SP.1).
He assigned different groups of students to plot different subsets of the data. One
group plotted the total fish per year while another group plotted the total fish per month
over a three-year span. A third group of students calculated the total catch for two
different five-year periods and created a graph comparing them. By analyzing [SEP-4]
their own graphs, the groups plotting anchovies by year noticed a general downward
trend while the groups plotting sardines noticed several years when the catch was
incredibly high, with most other years having almost no fish at all. The groups plotting the
catch by month saw that anchovies appeared each year in early summer while sardines
were usually caught in the early autumn. The groups plotting the total over five-year
periods found big differences between them; the first five years were dominated by
anchovies while the latter five-year period was dominated by sardines.
Mr. M asked the students to provide evidence [SEP-7] in favor of or against
the argument [SEP-7] that “sardine and anchovy populations stay the same over time.”
All groups strongly disagreed with the statement and cited their own graphs as evidence.
Mr. M then had students do a gallery walk and analyze [SEP-4] the different graphs
created by each team. He then asked students to provide evidence in favor or against the

2016 California Science Framework

Chapter 6

687

Grade Seven Discipline Specific Course Model: Life Science
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Graphing Fish Populations
argument [SEP-7] that “each graph of anchovy data shows the same thing.” Students
then discussed how each graph revealed a slightly different pattern, and the conclusions
they could draw from these patterns [CCC-1] differed.

n estigati e
enomenon Ocean temperature changes from year to year, with
cycles correlating in time to sardine and anchovy populations.

Mr. M. then provided another graph showing cycles of ocean temperature along the
California coast during the same time interval and they read an informational article about
El Niño. Students recognized that the timing pattern [CCC-1] of surface temperatures
caused by El Niño corresponded to patterns in the fish populations, which is evidence that
it may be the cause [CCC-2] of the changes [CCC-7] over time. He asked students to
speculate about what would happen to the different fish and sea lion populations if global
climate change caused El Niño effects to intensify (EP&C III). Students worked over the
next few days to create an infographic communicating [SEP-8] the complex chain of
events that had been causing the sea lion population to change.
Resource
Based on California Academy of Sciences 2015

Since there is natural variation within populations, students should gather evidence
[SEP-7] to make a scientific argument [SEP-7] that some organisms may have traits

that allow them to survive and pass on their genetic code (MS-LS1-4). These traits may
be specific structural or behavioral features, and the clarification statement for MS-LS1-4
offers a number of specific examples. Another way to categorize traits is that some
traits allow the organisms to access resources more readily while other traits enable the
organisms to use their resources more efficiently. An example of resource access relevant
to California in times of drought is that different plants within the same species can vary
the depth that their roots grow (Kell 2011), allowing some of these individuals to access
more water. Darwin’s classic observation of finch beak shape is another example where an
organism’s structure [CCC-6] enables the function [CCC-6] to access resources (though
Darwin is most famous for documenting the end result with differences between species
rather than slight variations between individuals). Different traits epitomize the efficient use
of resources. Returning to the example of students’ height, statistical studies of baseline
metabolic rate show that for every additional centimeter of height, a person requires
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about six additional calories of food per day, on average (Frankenfield, Roth-Yousey, and
Compher 2005). In other words, short people require less food to survive. There are also
large person-to-person variations in baseline energy [CCC-5] requirements that may be
caused by other genetic factors. In a massive food shortage, people that can survive on less
food are more likely to live long enough to create offspring that are likely to have the same
genetic code (assuming all other factors are equal; see snapshot 6.5 below for examples
of other important pressures on physical traits that affect adaptation and survival). The
previous examples all pertain to physical traits, but behavioral traits also play an important
role in survival and affect an organism’s ability to find food, remain safe from danger, and
reproduce.
Organisms that survive are selected by the environment to pass on their traits,
causing the population to shift so that the beneficial traits occur in a greater fraction of
the individuals than they did in previous generations. Selection can also occur on a very
different scale [CCC-3] and can be observed as microbes become increasingly resistant to
antibiotics—a fact that has huge impacts on healthcare. Students can plan an investigation
[SEP-3] to observe how microbe populations change over time [CCC-7] in a petri dish

exposed to antibacterial soap. For middle grades classrooms that cannot safely conduct this
investigation, students can implement their plan in a computer simulator or analyze data
[SEP-4] from an existing experiment (Achieve 2014).
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ngineering Connection

ngineer a

ir

ea

In elementary school, students constructed arguments about internal and external
structures of organisms that help them survive (4-LS1-1). In this activity, they engineer
structures and use their own designs to make inferences about how the internal
and external structures of an animal connect and interact. Different animals eat
different types of food, and their bodies must have the correct structures [CCC-6] to
enable them to eat that food effectively. Birds in particular have large variation in their
beak shapes based upon their food source. Students can design a “beak” from a fixed
set of materials that will allow them to “eat” as much “food” as possible (for example,
see Curiosity Machine, Engineer a Bird Beak at http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link46).
They begin by defining the problem and establishing the criteria they will use to
measure success (MS-ETS1-1, MS-ETS1-2). Will they compare the amount of food in
one bite or the amount of food obtained in a set amount of time? Which of these criteria
is probably a better approximation of what helps birds survive in nature? Are there any
specific challenges that the particular type of food presents (powders, foods encased in
hard shells, and foods that crumble easily all require different solutions)? Are there any
obvious disadvantages to bigger or smaller beaks? (To represent the fact that bigger
organisms require more energy [CCC-5] to survive, the activity can be set up so that
the number of points a team receives depends on the ratio of food mass eaten to the
beak mass). After testing their design, they make changes to improve their chance of
survival (MS-ETS1-4). They discuss the process of iterative improvement that they used
and then compare and contrast it to evolution by natural selection, which occurs over
many generations. In their own engineering design, students might notice that certain
modifications they made allowed them to eat food faster, allowing them to collect more
food each day— a serious advantage for survival. Scientists have found that seed-eating
birds that have the strongest bite force can eat the fastest. What aspects of a bird’s
structure allow it to bite more forcefully? Students analyze measurements of different
physical characteristics of different species of finches from the Galapagos and compare
them to the bite strength scientists measured in laboratories. Different students plot
different variables to see if they can identify variables that correlate well with bite
strength (Herrel et al. 2005). They find that the length of the beak doesn’t matter, but
the size of the head does, probably because larger heads can support larger muscles
(figure 6.29). They can experiment with different modifications to their bird beaks that
mimic these size differences and relate them to levers and forces.
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Figure 6.29. Analysis of Different Physical Characteristics of Finches

Beak Length

Not a good
correlation.

Head Size

Bigger heads =
stronger bite

Source: Herrel et al. 2005; charts by M. d’Alessio

Disci line S ecific ra e Se en Sna s ot
Physical Environment Shifts Populations
nc oring
populations.

enomenon Pygmy people are shorter than many other human

One of the students in Ms. H’s class watched a documentary about pygmy people and
wanted to know why they were so short. Ms. H asked groups of students to come up with
a list of ways in which an animal’s size (large or small) can be an adaptation that helps it
survive in a particular environment. The class suggested these items: access to resources
(like giraffes reaching food up high), ability to fight off predators (like a moose kicking
a wolf), ability to dominate members of the same species (like sea lions battling for
dominance), and ability to hide from predators.
n estigati e
enomenon Moose from Northern Sweden are larger, on
average, than those from Southern Sweden.

Ms. H did some Internet research and found a graph of moose weight versus latitude
in Sweden (figure 6.30). Students correctly interpreted the axes of the graph to see that
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a moose of average size is larger in the northern part of Sweden compared to the
southern part. She showed pictures of Sweden to help students see how cold it gets in
the winter and asked them why having more body mass would be an advantage. Students
realized that they needed to add heat management to their list of adaptations for size.
igure

erage

oose

eig t aries

atitu e in S e en

Source: Nmccarthy16 2014

n estigati e
enomenon Populations of pygmy people live in equatorial
regions that are hot and moist.

Ms. H asked students to research where different pygmy populations live and plot
them on a world map. They found that pygmies live in equatorial regions, which students
knew are typically hot (MS-ESS2-6). Upon further investigation, they found that these
areas are hot and humid, which means that it is hard for people to lose heat efficiently by
sweating (because evaporation occurs slowly in damp, swampy conditions; ties to MSESS2-4). Unlike the moose in Sweden, pygmies benefit from generating and retaining as
little heat as possible to avoid overheating, and the ineffectiveness of sweating makes
heat management even more crucial. Since bodies cool when air touches skin, pygmy’s
bodies operate most efficiently when they maximize their surface area to have as much
exchange with the air as possible. At the same time, an overall huge body would be bad
because an increase in volume and mass leads to more heat generated as the person
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moves. Very large animals need specific body features to help them stay cool such as
African elephants with very large ears. Over time, pygmy populations may have evolved
to maximize the ratio of surface area to body mass, which results in a thinner, shorter
body. If this body shape and size allows pygmies to be more successful at moving around
to obtain food and survive, it gets passed from one generation to the next through their
genetic code.
Ms. H assessed whether or not students had mastered these ideas by asking them
to write a complete scientific explanation [SEP-6] answering the question, Why are
pygmies short? including evidence and reasoning. Ms. H could have extended this activity
to include an engineering challenge in physical science in which students designed a
person or organism that optimized energy transfer for different environmental conditions
(MS-PS3-3).

ortunities for at ematics Connections
Compound Probabilities of Survival
When students know the distribution of traits within a population, they can calculate
the probability that a given individual will have a beneficial trait. That trait will
make it more likely that the organism will survive in a specific environment. Taken
together, students can calculate the compound probability to figure out what fraction
of individuals will likely survive (CA CCSSM 7.SP.8). Such problems can be solved by
multiplying rational numbers (CA CCSSM 7.NS.2; e.g., half (½) of the population has trait
X and one-quarter (¼) of individuals with trait X are expected to survive, so therefore
one-eighth (½ x ¼) of the population is likely to survive). These calculations also lend
themselves well to constructing simple computer simulations of population dynamics. This
activity could be a good avenue for introducing students to computer programming. Even
with minimal background in computer programming, students could apply computational
thinking [SEP-5] to interpret an existing computer code, perhaps spotting an error
in the way the compound probability was calculated in the sample program and then
eventually modifying it to calculate additional parameters. Students can use such
simulations to gather evidence [SEP-7] to explain [SEP-6] that both genetic and
environmental factors affect an organism’s chance of survival (MS-LS4-4). They also use
these simulations as evidence that can enhance their explanations [SEP-6] that traits
within populations change over many generations due to natural selection (MS-LS4-6).
Even without a computer, the same step-wise computational thinking [SEP-5] can be
implemented in a game involving a deck of cards (see NOVA Teachers, Dogs and More
Dogs classroom activity: http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link47).
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Many students hold a common preconception about the timescale [CCC-3] of selection.
Students incorrectly believe that individuals adapt to the environment as it changes. Students
can construct an argument [SEP-7] that organisms cannot change their traits such as
height, position of their eyes, length of their wings, or energy [CCC-5] required for living.
Individual organisms can’t change, but they can die off before they are able to reproduce.
The rate of change depends on how quickly a population reproduces and whether or not the
environment is stable or changing [CCC-7] . Stable [CCC-7] environments often lead to
gradual changes in populations, while sudden environmental changes lead to more dramatic
selection. Careful use of language is important to minimize this preconception, such as using
the phrase “populations adapt” rather than referring to “organisms adapting.”

Disci line S ecific ra e Se en nstructional Segment
cos stem nteractions e isite
This capstone instructional segment for grade seven allows students to revisit
the natural systems they investigated all year. This instructional segment can be based on a
capstone project in which students explore the effects of humans on natural systems. They
can ask their own questions [SEP-1] , obtain and evaluate information [SEP-8] from
outside sources, and use this information to evaluate different design solutions and minimize human impacts on the environment.
D SC P
C S S

SP C

C
C

D
S

S

S

S
D

C

S

Guiding Questions
• How does natural selection relate to ecosystem changes?
• How do people affect ecosystems? Which activities have a positive impact and which
negative?
Performance Expectations
Students who demonstrate understanding can do the following:
S S
Construct an argument supported by empirical evidence that changes to physical or
biological components of an ecosystem affect populations. [Clarification Statement: Emphasis is
on recognizing patterns in data and making warranted inferences about changes in populations,
and on evaluating empirical evidence supporting arguments about changes to ecosystems.]
S S
Evaluate competing design solutions for maintaining biodiversity and ecosystem
services.* [Clarification Statement: Examples of ecosystem services could include water
purification, nutrient recycling, and prevention of soil erosion. Examples of design solution
constraints could include scientific, economic, and social considerations.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-7] Engaging in
Argument from Evidence

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

[CCC-4] Systems and
System Models

LS4.C: Adaptation

[CCC-7] Stability and
Change

LS4.D: Biodiversity and Humans
ETS1.B: Developing Possible
Solutions

ig lig te California n ironmental Princi les an Conce ts
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
C CCSS

at Connections 6.RP.3a–d, MP.4

C CCSS for
C

iterac Connections RST.6–8.1, 8; RI.7.8; WHST.6–8.1a–e, 9

D Connections ELD.PI.1.1, 3, 6a, 6b, 10b, 11a
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Once students have models [SEP-2] for the interconnectedness of ecosystem
components [CCC-4] and a sense of how limited resources within ecosystems affect

populations (MS-LS2-1), they can construct arguments [SEP-7] about how changes
[CCC-7] to one component in an ecosystem will affect other components (MS-LS2-4). The

CA NGSS are designed to specifically emphasize some of the human-induced changes under
the heading titled, “Influence of Science, Engineering, and Technology on Society and the
Natural World.” The CA NGSS include two bulleted points relating to this concept:
•

All human activity draws on natural resources, and has both short- and long-term
consequences, positive as well as negative, for the health of people and the natural
environment.

•

The uses of technologies and limitations on their use are driven by individual or
societal needs, desires, and values; by the findings of scientific research; and by the
differences in such factors as climate, natural resources, and economic conditions.

These statements can help guide discussions about designs that relate to protecting
ecosystem services and biodiversity. The findings of scientific research provide necessary
guidance, but they do not ultimately dictate actions. Student discussions should
distinguish between the scientific information and the personal or societal values. A major
teaching challenge in these design challenges is to foster a classroom climate where
both the scientific and the social argumentation are passionate but also respectful and
nonjudgmental.
California’s Environmental Principles and Concepts (EP&Cs) can provide further guidance.
All five of the EP&Cs apply to performance expectations bundled in this instructional
segment. Students can refer to these general principles and the specific concepts associated
with each principle as part of their analyses, evaluations and argumentation. Having
extensively investigated cycles of matter and ecosystem processes, students are primed to
apply California’s EP&Cs. For example, the three concepts associated with EP&C III state:
•

Natural systems [CCC-4] proceed through cycles and processes that are required for
their functioning.

•

Human practices depend upon and benefit from the cycles and processes that operate
within natural systems.

•

Human practices can alter the cycles and processes that operate within natural
systems.
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ngineering Connection
an Ecosystem

sing ec nolog to n ance

Some human activities have negative impacts on ecosystems, but some technologies
enhance ecosystem productivity by providing valuable ecosystem services such
as the purification of water, reduction of soil erosion, or recycling of nutrients.
Students investigate [SEP-3] competing technologies or various design alternatives
of a given technology to see which is most beneficial to the ecosystem (MS-LS2-5).
One classroom-friendly possibility is to explore different designs of compost systems
[CCC-4] to optimize nutrient recycling. Students can learn more about the valuable
role of decomposers by performing a service for their school by collaborating with the
campus cafeteria and garden or facilities staff. Students can test competing compost
systems to see which will produce nutrient-rich organic fertilizer the fastest. Their
designs might explore different amounts of air circulation, mixing of compost material,
ambient temperatures, and additions of water or other materials (such as coffee
grounds), all of which might affect the rate of biochemical reactions that decompose
food waste.

Human cycles can best be put in the context of other changes. The systems [CCC-4]
thinking and modeling introduced in IS1 provide a scientific framework for evaluating
these impacts at a range of scales [CCC-3] from individual ecosystems up to the entire
Earth. All of Earth’s ecosystems are linked with each other through their sharing of the
atmosphere and the hydrosphere. What happens when humans cause changes to these
two systems that occur faster than populations can adapt? The fossil record shows major
extinction events when changes have occurred too rapidly in the past. Which species will be
most susceptible to extinction when future changes happen? What can humans do to help
minimize the effects on these species?
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Grade Eight Discipline Specific Course Model:
Physical Science
From the introduction to the Middle Grades Physical Sciences Standards in the NGSS:
The performance expectations in physical science blend the core ideas with
scientific and engineering practices and crosscutting concepts to support
students in developing useable knowledge to explain real-world phenomena
in the physical, biological, and earth and space sciences…. The performance
expectations in the topic Structure and Properties of Matter help students to
formulate an answer to the questions: “How can particles combine to produce a
substance with different properties? How does thermal energy affect particles?”
by building understanding of what occurs at the atomic and molecular scale….
The performance expectations in the topic Chemical Reactions help students to
formulate an answer to the questions: “What happens when new materials are
formed? What stays the same and what changes?” by building understanding
of what occurs at the atomic and molecular scale during chemical reactions….
The performance expectations in the topic Forces and Interactions focus on
helping students understand ideas related to why some objects will keep
moving, why objects fall to the ground and why some materials are attracted
to each other while others are not. Students answer the question, “How can
one describe physical interactions between objects and within systems of
objects?”…. The performance expectations in the topic Energy help students
formulate an answer to the question, “How can energy be transferred from
one object or system to another?”…. The performance expectations in the topic
Waves and Electromagnetic Radiation help students formulate an answer to the
question, “What are the characteristic properties of waves and how can they be
used?” (NGSS Lead States 2013c)
Just about every change you can think of involves a transfer or conversion of energy
[CCC-5] . This Physical Science course for grade eight is organized around the crosscutting

concept of

nerg

lo s C cles an Conser ation CCC

. While the disciplinary

core ideas cover physical science, many of the phenomena are drawn from Earth and life
sciences so that the course truly serves as a culmination of the middle grades science
experience.
Each instructional segment focuses on one form of energy [CCC-5] and they are
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sequenced such that the most conceptually simple energy form (kinetic) comes first, with an
emphasis on colliding objects. Students apply their knowledge of collisions to engineering
design challenges in IS1 and then again in IS5 to develop models of thermal energy. The
exchange between kinetic energy and gravitational potential energy introduces the concept
of potential fields and energy conversion. Investigations [SEP-3] in the next instructional
segment explore electric and magnetic fields and the role these fields play in the conversion
and transfer of various types of energy. An instructional segment addressing waves, another
means to transfer energy, is presented after the instructional segment on electricity and
magnetism to allow for synergies between the topics since many electrical devices transfer
information using waves. The course returns to kinetic energy viewed at a different scale
[CCC-3] with an instructional segment on thermal energy that emphasizes the view of

matter as moving and colliding particles. The final instructional segment culminates with
chemical potential energy as these particles interact through chemical bonding, providing
the mechanism for organisms to store and use energy, among many other uses.
Energy [CCC-5] is a difficult concept to grasp because it is not something tangible (it is

not an object that has mass or can be held), yet it appears to come in many different forms.
Textbooks often define energy as the ability to do work (with the caveat that the term
work has a very specific definition in physical science) or anything that can be converted
into heat. An alternative to these technical definitions (that may be less precise but very
illustrative) is that energy is the ability to cause damage. For example, there are many
different ways a person can get hurt, and each process even has a unique descriptive name
just like different forms of energy have unique names.
You can get hurt when something that is moving hits you. We call this a crash in
everyday language, and when you describe that you were hurt in a crash, other people
instantly know that moving objects were involved (kinetic energy). This manner of getting
hurt differs from a burn, a word that communicates that a hot object was involved (thermal
energy). Sunburn involves rays of ultraviolet sunshine (a form of light energy). You can be
electrocuted only if there is electricity around (electromagnetic energy), or poisoned by
exposing yourself to dangerous chemicals (chemical potential energy). There are also some
ways of being hurt that only depend on your position, such as having the potential to get
hurt by falling when you are high above the ground (gravitational potential energy).
The different terms for the different forms of energy are an example of how language
is used in science. Scientists label complex processes with specific terminology so that they
can communicate many aspects of a situation in a single word or phrase. While this analogy
of different ways of getting hurt corresponding to different energy forms helps communicate
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ideas about the nature of energy to students, it has limitations like all analogies. All of
the examples above involve people being hurt when energy [CCC-5] is transferred.
Many forms of energy can be associated with objects (but not, for example, light energy),
meaning that the objects have energy even when they are not interacting with anything
else. Even though it is possible to calculate the energy of an object by itself, it is really
only possible to measure this energy by seeing what happens when objects interact and
transfer energy. A transfer of energy involves a “force”—an interaction that can change the
motion of an object. Thus forces and energy are closely related, and this course discusses
forces largely in terms of their relationship to the crosscutting concept of energy [CCC-5] .
Table 6.8 shows a sequence of six possible phenomenon-based instructional segments in a
discipline specific grade eight course.
Table 6.8. Overview of Instructional Segments for Discipline Specific Grade Eight

1

nerg of otion
Students investigate how objects move and collide. They
use their observations as evidence that an exchange of energy
occurs during these interactions. They refine their model of
energy transfer as they develop solutions to minimize damage
during collisions.

2

ra it
nerg
elate to Position
Students develop a model of the relationship between
gravity, force, and energy.

3

lectric an
agnetic nteractions an
nerg
Students investigate electrical and magnetic interactions
to gather evidence that fields exist between the objects. They
ask questions about what affects the strength of the forces
between objects and develop a model relating the position of
the objects to potential energy in the system.
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4

Waves Transmitting Energy and Information
Students explore how waves interact with different
objects so that they can develop a model of how the energy
is reflected, absorbed and transmitted. They then explore how
waves can transmit information encoded either as analog or
digital signals.

5

Thermal Energy and Heat Flow
Students refine their model of matter at the scale of
individual particles and use this model to describe how
materials change when heated or cooled. They relate the
microscopic behavior to energy changes observed at the
macroscopic scale as they design a device to maximize
thermal energy transfer.

6

Chemical Energy and Reactions
Students investigate how properties change when
substances mix together and react. By analyzing patterns,
students refine their model of matter further by representing
each particle as a collection of atoms bonded together. They
use this model to explain the bulk changes they observe in
chemical reactions such as temperature changes.

Sources: National Highway Traffic Safety Administration 2016; adapted from NASA/JPL-Caltech
2006; Black and Davis 1913, 242, fig. 200; Socha 2016; O’Sullivan 2009; Amitchell125 2011

Disci line S ecific
nerg of otion

ra e ig t nstructional Segment

Students have addressed the concept of pushes, pulls, and collisions several
times in elementary school (K-PS2-1, 3-PS2-1, 4-PS3-3). In this instructional segment, they
represent these phenomena in terms of energy transfer.
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D SC P

SP C

C

D

S

C

S

Guiding Questions
• How can understanding energy and forces help make us safer in car crashes?
• What happens to energy when objects collide or otherwise interact?
• Why do objects sometimes appear to slow down on their own?
Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Apply Newton’s Third Law to design a solution to a problem involving the motion of
two colliding objects.* [Clarification Statement: Examples of practical problems could include
the impact of collisions between two cars, between a car and stationary objects, and between
a meteor and a space vehicle.] [Assessment Boundary: Assessment is limited to vertical or
horizontal interactions in one dimension.]
S PS
Plan an investigation to provide evidence that the change in an object’s motion
depends on the sum of the forces on the object and the mass of the object. [Clarification
Statement: Emphasis is on balanced (Newton’s First Law) and unbalanced forces in a system,
qualitative comparisons of forces, mass and changes in motion (Newton’s Second Law), frame
of reference, and specification of units.] [Assessment Boundary: Assessment is limited to forces
and changes in motion in one-dimension in an inertial reference frame and to change in one
variable at a time. Assessment does not include the use of trigonometry.]
S PS
Construct and interpret graphical displays of data to describe the relationships of
kinetic energy to the mass of an object and to the speed of an object. [Clarification Statement:
Emphasis is on descriptive relationships between kinetic energy and mass separately from
kinetic energy and speed. Examples could include riding a bicycle at different speeds, rolling
different sizes of rocks downhill, and getting hit by a wiffle ball versus a tennis ball.]
S PS
Construct, use, and present arguments to support the claim that when the
kinetic energy of an object changes, energy is transferred to or from the object. [Clarification
Statement: Examples of empirical evidence used in arguments could include an inventory or other
representation of the energy before and after the transfer in the form of temperature changes or
motion of object.] [Assessment Boundary: Assessment does not include calculations of energy.]
S
S
Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
S
S
Evaluate competing design solutions using a systematic process to determine how
well they meet the criteria and constraints of the problem.
S
S
Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
S
S
Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.

702

Chapter 6

2016 California Science Framework

Grade Eight Discipline Specific Course Model: Physical Science

D SC P

SP C

C

D

S

C

S

The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS2.A: Forces and Motion

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and Using
Models
[SEP-3] Planning and Carrying
Out Investigations
[SEP-4] Analyzing and
Interpreting Data
[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)
[SEP-7] Engaging in Argument
from Evidence

PS3.A: Definitions of
Energy
PS3.B: Conservation
of Energy and Energy
Transfer

[CCC-3] Scale, Proportion,
and Quantity
[CCC-4] Systems and
System Models

ETS1.A: Defining and
Delimiting an Engineering
Problem

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

ETS1.B: Developing
Possible Solutions

[CCC-6] Structure and
Function

ETS1.C: Optimizing the
Design Solution

[CCC-7] Stability and
Change

ig lig te California n ironmental Princi les an Conce ts
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
C CCSS at Connections 6.NS.5, 6.RP.1, 2, 6.EE.2a–c; 7.EE.3, 4, 7.SP.7a–b, 7.RP.2a–d;
8.EE.1, 2, 8.F.3; MP.2
C CCSS for
C

iterac Connections RST.6–8.1, 3, 7, 9; WHST.6–8.7, 8, 9

D Connections ELD.PI.8.1, 3, 6a, 6b, 10b, 11a

Imagine a boy standing and reading a book and a girl riding a skateboard down the
sidewalk toward him. If they collide, which person will gain energy [CCC-5] and which
person will lose energy? Who will feel a stronger force from the impact? How could this
force be minimized so that nobody gets hurt? These are the types of questions that
students will be able to answer at the end of this unit.
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ngineering Connection
Reducing the Impact of Collisions
The unit begins with a design challenge in which students use a fixed set of
materials to reduce the damage during a collision (MS-PS2-1). The classic egg
drop could be used, but many of the solutions to that problem involve slowing the
egg down before the collision (via parachute). The emphasis for the performance
expectation is on applying Newton’s Third Law that objects experience equal and
opposite forces during a collision. A variation in which students attach eggs to model
cars and design bumpers to protect the eggs, allows for a consistent theme of car
crashes throughout the instructional segment and vehicles in general throughout the
course. Students will need to identify the constraints that affect their design as well
as the criteria for measuring success (MS-ETS1-1). Such a design challenge could be
placed at the end of IS1 as a culmination in which students apply what they have
learned from investigations [SEP-3] throughout the instructional segment. However,
here the choice is made to explicitly use an engineering task to draw attention to the
variables of interest in the problem. By identifying the common features of successful
models (MS-ETS1-3), students can identify the physical processes and variables that
govern the process. Students will then investigate these variables more systematically
throughout the rest of the instructional segment. At the end of IS1, students return to
their design challenge and explain [SEP-6] why certain choices they made actually
worked (perhaps identifying important structure/function relationships [CCC-6] in
their designs) and then use their more detailed models of the system [CCC-4] to refine
their design.

In the design challenge described above, there are objects in motion and interactions
between the objects that cause them to change their motion. Different design elements
reduce the impact of the collision, despite the fact that all the objects have the same initial
motion. Why? Students begin a systematic investigation [SEP-3] using objects such as
toy cars or marbles on a track. They start by experimenting with what it takes to get the
object to move, asking questions [SEP-1] about their observations. Does pushing a car
work differently than pulling it? The change in motion will be identical if their pushes and
pulls are truly identical in strength and direction, but students often pull upward along with
forward. Why would that make a difference? If they push the car gently, does it behave
differently than if they use a harder push? Does the car behave differently if a human
pushes it versus it being pushed by another car?
To talk in detail about the similarities and differences in the motion of an object, students
need to be able to make specific measurements of the motion. The word motion in the CA
NGSS implies both the object’s speed and its direction of travel. However, all work in this
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instructional segment is done in one dimension, and the focus is on speed; the distinction
between the technical definitions of velocity and speed is not essential (the assessment
boundaries of performance expectations for grade eight clearly state that assessment is
restricted to systems [CCC-4] of only two objects or more complicated systems where all
forces are aligned in one dimension. In high school, students will extend this understanding
into two and three dimensions). Speed is the ratio of a distance and a time, allowing
students to easily conduct investigations [SEP-3] that measure both quantities [CCC-3] .
Manual measurements of time in tabletop experiments using stopwatches are prone to large
error, so there are several alternatives: students can pool multiple measurements using
collaborative online spreadsheets and take the average, use an app to calculate speed from
video clips (such as “Tracker Video Analysis and Modeling Software” by Douglas Brown
found at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link48), or use a motion-sensor probe.
Students often harbor the preconception that objects will naturally stop when they run
out of inertia or when the force given to them runs out. This idea is based on abundant
personal experience with moving objects that do indeed stop automatically because of
friction, a force that can be reduced or increased by design measures. Understanding why
objects slow down requires thinking about motion in terms of energy [CCC-5] . Students
build on their explanation [SEP-6] of the relationship between these ideas from grade
four (4-PS3-1) and their model for the conservation of energy [CCC-5] from grade five
(5-PS3-1). An object retains its kinetic energy until it transfers it to another object or converts
the energy to another form, which is the conceptual model that explains Newton’s First Law
that an object in motion tends to stay in motion while an object at rest tends to stay at rest
unless unbalanced forces act upon it. Students can create a diagrammatic model [SEP-2]
of the flow of energy [CCC-5] within systems [CCC-4] as shown in figure 6.31. This
simple diagram is a model because it includes components (an energy source and receiver),
an understanding of the way these objects will interact based on the laws of physics
(energy is conserved, with one object decreasing in energy that will be transferred to the
other object), and it can be used to predict the behavior of the system [CCC-4] (the object
that decreases in kinetic energy slows down while the object that increases in kinetic energy
should speed up). Students can use these types of diagrammatic models to illustrate energy
transfer throughout an entire physical science course (e.g., Goldberg 2009).
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Figure 6.31. Collisions and Energy Flow
System of two objects prior
to a collision

Fast moving
skateboarding
Stationary
person
book-reading person

Model of energ
ow within the system
during the collision
Source Object

Receiver Object

skateboarding
person

book-reading
person

Decrease in

Increase in

kinetic

kinetic

energy

energy

Model of energy flow within a system during a collision. Diagram by M. d’Alessio.

The force of friction is an interaction in which energy [CCC-5] is transferred. Students
must plan investigations [SEP-3] to explore the effects of balanced and unbalanced
forces on the motion of objects (MS-PS2-2). One such investigation could involve measuring
the speed of model cars with different amounts of friction by attaching sticky notes to
the front and sides of the car to vary the amount of friction. Students should notice that
when they push the car, they apply a force in one direction while friction is a force working
in the opposite direction. The overall change in motion (and therefore change in energy)
depends on the total sum of these forces. Using an energy source/receiver diagram to
model the situation helps draw attention to the fact that some of the energy must go
somewhere because the car clearly decreases in energy. Because energy is conserved,
that means another component of the system [CCC-4] must increase in energy (figure
6.32). With some simple analogies to the friction of hands rubbing together, students can
accept that the energy is likely converted into thermal energy, which will be discussed in
more detail in IS5. When a person rubs hands together, both hands warm up even when
one hand remains stationary. This observation gives rise to two modifications to the simple
energy source/receiver diagram of those depicted in figure 6.32: (1) there can be multiple
energy receivers in a system [CCC-4] from a single energy source, and (2) an object can
be both the source and the receiver of energy if that energy converts from one form to
another. Students will revisit this idea in IS2, but the remainder of this instructional segment
emphasizes the transfer of energy between two distinct objects.
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Figure 6.32. Energy Flow with Friction
Model of energ

ow within the system that has friction
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kinetic
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thermal
energy
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thermal
energy

Model of energy flow including friction within an experimental system of a tabletop car. Diagram by M.
d’Alessio.

During an interaction when a force acts on an object, that object gains kinetic energy.
How much will the object’s motion change during this interaction? Students asked
similar questions [SEP-1] in grade four (4-PS3-3), and now they will begin to answer
them. The answer depends strongly on the object’s mass. This principle becomes easily
apparent in collisions. Students can perform investigations [SEP-3] by colliding a given
object with objects of different masses that are otherwise identical (for example, glass
versus steel marbles of different sizes, cars with or without fishing weights attached, etc.).
To measure consistent patterns [CCC-1] , students will need to plan their investigation
[SEP-3] (MS-PS2-2) such that the source object has a consistent speed (for example, by

rolling down a ramp of a fixed distance). This will ensure that the initial kinetic energy of the
object is the same and leads to a consistent force during the collision interaction, if all other
factors remain constant. Students can vary the mass of the target object and see how its
speed changes as a result of the impact, plotting the results to look for a consistent pattern.
This graphical representation should lead them towards a discovery of Newton’s Second
Law, which relates the change in an object’s motion (“acceleration”) to the force applied
and the mass of the object. MS-PS2-2 does not require that students have a mathematical
understanding of acceleration, it instead focuses on the proportional [CCC-3] relationship
of motion changes and force.
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Opportunities for ELA/ELD Connections
Students create mini-lessons on Newton’s laws of motion to present to the class. Each
team or group of students research a law of motion, using at least two different
sources, for presentation to the class. Encourage students to include multimedia
components and visual displays to clarify important findings, explain reasoning,
provide evidence, and emphasize salient points. The presentation should include a
general description/definition of the law plus an example demonstrating the application
of the principle.
C CCSS for
iterac Stan ar s RST. 6–8.2, 7; WHST.6–8.6, 7, 8; SL.6–8.5
C
D Stan ar s ELD.PI.6–8.9

When the objects have equal masses and collisions transfer all of the energy [CCC-5]
from source to receiver, the speed of the target object after the collision should be similar to
the speed of the source object before the collision. This can be seen clearly in billiards when
the cue ball comes to a complete stop after hitting another ball. Observations such as these
provide evidence to make the argument [SEP-7] that as one object loses kinetic energy
during the collision, another object must gain energy, and vice-versa (MS-PS3-5). Students
should also be able to model this collision in terms of forces; the force exerted by one ball
must be equal and opposite to the force exerted on the other ball (Newton’s Third Law).
As students investigate collisions, they can frame their thinking using energy source/
receiver diagrams (figure 6.31). They can vary the properties of both the source object
and receiver object and see how these changes affect the target object’s motion. Thus far,
they have built up a model in which the effect of a collision depends on the mass of the
target object. Now they can gather evidence that shows how the speed and mass of the
source object determine the amount of energy that it transfers during the collision. These
observations form the basis for understanding more about kinetic energy. Energy transfers
can be thought of as analogous to transfers of money, such as winning the lottery. If a
single person buys a lottery ticket alone and wins, they will have big changes in their bank
account and lifestyle. If a group of people get together to buy one ticket, the jackpot is split
among them and the change in each person’s lifestyle will be smaller. To relate the analogy
to the collision, the same amount of energy must go into changing the speed of a larger
amount of mass. Students can explore this idea further by changing the kinetic energy of
the source object. Keeping the target object constant, groups of students can be assigned
to vary either the source object’s mass or its speed to see how the changes impact the
speed of the target.
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ortunities for

at ematics Connections

Each group should graph its findings and report to the class its interpretation of
the relationship between kinetic energy and its variable (MS-PS3-1). The graph
showing the effect of the source object’s mass looks very different than the graph
showing the effect of the source object’s speed. One is linear while the other has
a curved shape that can be described by a square root. Students can be given the
challenge of finding different combinations of speed and mass of the source object that
all result in the target object going the same speed.
C CCSS

8.EE.2

ngineering Connection
Reducing the Impact of Collisions
Students are now ready to return to their design challenge of reducing the impact of
a collision (MS-PS2-1). They should be able to use their models of energy [CCC-5]
transfer and kinetic energy to make an argument [SEP-7] about why their original
design solution worked. Two different processes help bumpers reduce damage during
collisions: (1) they absorb some of the energy so that less of it gets transferred to
kinetic energy in the target object (the absorbed energy gets converted to heat); and (2)
they make the collision last longer, so that the transfer of energy occurs over a longer
time interval (since speed changes at a slower rate, Newton’s laws tell us that a smaller
force is exerted on the cars). Students can create energy source/receiver diagrams that
are more sophisticated than figure 6.31 to describe the energy flow during a collision that
includes a bumper. These diagrams should help students describe how Newton’s Third
Law helps them design their solution, and begin to ask questions [SEP-1] about where
the energy actually goes during the interaction. They should also be able to propose
improvements to their bumper (MS-ETS1-2, MS-ETS1-4) using the results of a more
sophisticated testing regime and their enhanced understanding of the physical processes.
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Disci line S ecific ra e ig t nstructional Segment
Gravity and Energy Related to Position
Objects appear to start moving spontaneously when we drop them, but their
energy of motion must come from somewhere. In this instructional segment, students
investigate the force of gravity and understand it in terms of energy conversion.
D SC P
SP C
C
D
S
C
GRAVITY AND ENERGY RELATED TO POSITION

S

Guiding Questions
• What affects the strength of the force of gravity?
• How do roller coasters get the energy to go so fast?
• Do heavy objects fall faster than lighter ones?
Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Plan an investigation to provide evidence that the change in an object’s motion
depends on the sum of the forces on the object and the mass of the object. [Clarification
Statement: Emphasis is on balanced (Newton’s First Law) and unbalanced forces in a system,
qualitative comparisons of forces, mass and changes in motion (Newton’s Second Law), frame
of reference, and specification of units.] [Assessment Boundary: Assessment is limited to forces
and changes in motion in one-dimension in an inertial reference frame and to change in one
variable at a time. Assessment does not include the use of trigonometry.]
S PS
Construct and present arguments using evidence to support the claim that
gravitational interactions are attractive and depend on the masses of interacting objects.
[Clarification Statement: Examples of evidence for arguments could include data generated
from simulations or digital tools; and charts displaying mass, strength of interaction, distance
from the Sun, and orbital periods of objects within the solar system.] [Assessment Boundary:
Assessment does not include Newton’s Law of Gravitation or Kepler’s Laws.]
S PS
Conduct an investigation and evaluate the experimental design to provide evidence
that fields exist between objects exerting forces on each other even though the objects are not
in contact. [Clarification Statement: Examples of this phenomenon could include the interactions
of magnets, electrically-charged strips of tape, and electrically-charged pith balls. Examples
of investigations could include first-hand experiences or simulations.] [Assessment Boundary:
Assessment is limited to electric and magnetic fields, and is limited to qualitative evidence for
the existence of fields.]
S PS
Develop a model to describe that when the arrangement of objects interacting at a
distance changes, different amounts of potential energy are stored in the system. [Clarification
Statement: Emphasis is on relative amounts of potential energy, not on calculations of potential
energy. Examples of objects within systems interacting at varying distances could include: the
Earth and either a roller coaster cart at varying positions on a hill or objects at varying heights on
shelves, changing the direction/orientation of a magnet, and a balloon with static electrical charge
being brought closer to a classmate’s hair. Examples of models could include representations,
diagrams, pictures, and written descriptions of systems.] [Assessment Boundary: Assessment is
limited to two objects and electric, magnetic, and gravitational interactions.]
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S
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GRAVITY AND ENERGY RELATED TO POSITION

S

The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

PS2.A: Forces and Motion

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-3] Planning and
Carrying Out Investigations
[SEP-7] Engaging in
Argument from Evidence

C CCSS

PS3.A: Definitions of
Energy
PS3.C: Relationship
Between Energy and Force

[CCC-4] Systems and System
Models
[CCC-7] Stability and Change
Influence of Science,
Engineering, and Technology on
Society and the Natural World

at Connections 6.EE.2a–c; 7.EE.3, 4; MP.2

C CCSS for
C

PS2.B: Types of
Interactions

iterac Connections RST.6–8.3; RI.7.8; WHST.6–8.1a–e, 7; SL.8.5

D Connections ELD.PI.1.1, 3, 6a, 6b, 10b, 11a; ELD.PII.1

Some interactions happen even when objects are not touching, and the most familiar of
these involves gravity. Gravity is one of only four fundamental forces in the universe, and it
causes literally all objects with mass in the universe to be mutually attracted. The Golden
Gate Bridge pulls on the Hollywood sign (and every student in the state) just like the Moon
pulls on the Earth. The reason we do not notice this pull is that it is so weak compared
to the attraction toward Earth itself. That is because the planet has so much more mass
than the Hollywood sign or even the Golden Gate Bridge. Since all mass is attracted to all
other mass in the universe, it is also true that the Sun itself pulls on every student in the
class. The star Alpha Centauri is many times more massive than the Earth, so why don’t
students fly up in the sky towards that star or any of the others? The answer is that the
strength of the gravitational force also depends on the relative position of the two objects
(i.e., the distance between them). Gravity on Earth is usually thought of as pulling objects
towards the center of the planet, but there is nothing particularly special about the mass at
the center of the planet or the downward direction. A person gets pulled by every piece of
the entire planet, with the rock directly beneath his or her feet exerting the strongest pull
and the rock on the opposite side of the planet having the weakest because of its distance
away. Just like students investigated the sum of forces when objects are touching in IS1
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(MS-PS2-2), the overall change in motion is caused [CCC-2] by the sum of all the forces.
The Earth is a sphere, so there is approximately the same amount of rock to the north,
south, east, and west of a person and the overall effect is a downward pull towards the
center of the planet. With very careful measurements, however, scientists can measure
slight differences in the direction and strength of the pull of gravity at different locations on
Earth. For example, if an underground aquifer is full of water or a volcano magma chamber
fills with magma, the extra mass will pull slightly harder on objects than if the aquifer were
dry or the magma chamber empty. This pull can even be measured by satellites orbiting
the planet, which provide valuable data for monitoring global water supplies and volcanic
hazards (see American Museum of National History, GRACE Watches Earth’s Water at http://
www.cde.ca.gov/ci/sc/cf/ch6.asp#link49).
Students conduct investigations [SEP-3] into gravitational interactions on Earth to
create a mental model [SEP-2] of the relationship between the concepts of gravity, force,
and energy. Their investigation could include letting cars roll down ramps or dropping balls
and recording their speed at different points in time with a sensor probe or frame-by-frame
video analysis app. For this particular investigation, students should explicitly evaluate
[SEP-8] the experimental design, which might include the teacher providing students with

a cookbook-style procedure with an intentional flaw in it that students must correct before
they are able to collect useful data. They notice a change in motion, which must be caused
by a force that exists even though the objects are not touching (MS-PS2-5; even though
assessment on this performance expectation is restricted to electric and magnetic fields,
the same principle applies to gravitational fields). By noticing that the speed of the object
changes, they infer that the kinetic energy of the object is increasing (assuming that its
mass does not change). If an object increases in energy [CCC-5] , that energy must come
from some sort of interaction. The inevitable conclusion is that there must be some sort of
energy associated with gravity, and scientists refer to it as gravitational potential energy.
The everyday language use of the word potential applies fairly well in this situation in that
there is energy ready to be unleashed with the capability to do work because the force of
gravity is always acting on the object. The moment that this force acts in an unbalanced
way on an object, there will be a net transfer of energy and the potential energy will convert
to motion or vice versa (MS-PS2-2; figure 6.33). Other forces for which the energy change
depends only on the final position of the object (as opposed to the path it took to reach
that position) are also said to be associated with potential energies (such as electric forces
discussed in IS3 and the elastic forces in springs and other materials).
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Figure 6.33. Roller Coaster Energy Flow

System of a roller-coaster
going downhill

Model of energ
ow within the system
as it goes downhill
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Receiver Object
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Schematic diagram and model of energy flow within a system of a roller coaster going downhill. Note
that the source and receiver objects are the same but the type of energy has changed. Diagram by M.
d’Alessio

Students can extend their investigation [SEP-3] to include the interplay between
gravitational potential and kinetic energy by predicting an object’s speed as it moves
between different heights (by creating a roller coaster, marble track, or simply throwing a
ball upwards and recording its speed at points moving upward and downward). They can
use their roller coaster to develop a model [SEP-2] : changes in the position of the object
affect the amount of gravitational potential energy [CCC-5] it has (MS-PS3-2). This model
should allow them to predict how high a car will go on a ramp when released at different
heights or how its speed will change as it moves from one height to another. Their model
can be refined by interacting with a computer simulator of a roller coaster or skate park
(see PhET, Energy Skate Park at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link50).
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ortunities for

at ematics Connections

One of the things students may notice in either physical or computer simulations is
that the mass of the object does not affect its speed as an object’s energy [CCC-5]
converts back and forth between gravitational potential and kinetic energies.
This observation will likely surprise many students who harbor the common
preconception that heavier objects fall faster. Students’ mental model of forces
should include the idea that objects with more mass require a stronger force to speed
up and slow down. The force of gravity pulls harder on heavier objects. This stronger
gravitational pull is exactly balanced by the greater inertia of massive objects such
that all objects end up falling at the same speed on planet Earth. Students should
use evidence (likely from computer simulations) to construct an argument [SEP-7]
that gravitational interactions attract objects together and depend on the mass of the
object (MS-PS2-4). To communicate [SEP-8] their argument, students may construct
fact sheets that include charts showing the relative strength of different interactions
(such as Earth–Moon, Earth–Sun, Jupiter–Sun, Earth–student, or even student–student
interactions). The CA NGSS explicitly states that students will not be assessed on using
the formula for Newton’s Law of Gravitation, but students can use the equation to
apply scientific notation to a real-world problem (CA CCSSM 8.EE.4). Regardless of their
ability to do the calculations themselves, they should be able to represent the relative
magnitudes (i.e., scale and proportion [CCC-3] ) of these forces using scientific notation
(CA CCSSM 8.EE.3). Students can also use this sort of mathematical thinking [SEP-5]
to evaluate the claims [SEP-8] of astrologers (who argue that our actions are affected
by the position of distant planets) by examining the relative strength of the force of
gravity between themselves and each of the planets. How do these magnitudes compare
to the scale of other gravitational forces such as the force between the students and the
desks in which they are sitting or the textbooks they are reading? Are they large enough
to cause [CCC-2] major changes to interactions on Earth?
C CCSS
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Disci line S ecific ra e ig t nstructional Segment
lectric an
agnetic nteractions an nerg
Students investigated the forces of magnetism in grade three (3-PS2-3), and
electric currents in grade four (4-PS3-2). In grade eight, students explore electromagnetism
collecting more rigorous quantitative data and modeling these interactions in terms of
energy transfer and conversion.

D SC P
C
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C
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C
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C
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S

Guiding Questions
• How do electric motors work to convert electricity into motion?
• How does a compass needle move?
Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Ask questions about data to determine the factors that affect the strength of
electric and magnetic forces. [Clarification Statement: Examples of devices that use electric and
magnetic forces could include electromagnets, electric motors, or generators. Examples of data
could include the effect of the number of turns of wire on the strength of an electromagnet, or
the effect of increasing the number or strength of magnets on the speed of an electric motor.]
[Assessment Boundary: Assessment about questions that require quantitative answers is limited
to proportional reasoning and algebraic thinking.]
S PS
Conduct an investigation and evaluate the experimental design to provide evidence
that fields exist between objects exerting forces on each other even though the objects are not
in contact. [Clarification Statement: Examples of this phenomenon could include the interactions
of magnets, electrically-charged strips of tape, and electrically-charged pith balls. Examples
of investigations could include first-hand experiences or simulations.] [Assessment Boundary:
Assessment is limited to electric and magnetic fields, and is limited to qualitative evidence for
the existence of fields.]
S PS
Develop a model to describe that when the arrangement of objects interacting at a
distance changes, different amounts of potential energy are stored in the system. [Clarification
Statement: Emphasis is on relative amounts of potential energy, not on calculations of
potential energy. Examples of objects within systems interacting at varying distances could
include: the Earth and either a roller coaster cart at varying positions on a hill or objects at
varying heights on shelves, changing the direction/orientation of a magnet, and a balloon with
static electrical charge being brought closer to a classmate’s hair. Examples of models could
include representations, diagrams, pictures, and written descriptions of systems.] [Assessment
Boundary: Assessment is limited to two objects and electric, magnetic, and gravitational
interactions.]
S
S
Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

PS2.B: Types of Interactions
PS3.A: Definitions of Energy

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and
Using Models

PS3.C: Relationship Between
Energy and Force

[CCC-4] Systems and System
Models

[SEP-3] Planning and
Carrying Out Investigations

ETS1.B: Developing Possible
Solutions

[SEP-4] Analyzing and
Interpreting Data

ETS1.C: Optimizing the
Design Solution

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

C CCSS

at Connections MP.2

C CCSS for
C

iterac Connections RST.6–8.1, 3; WHST.6–8.1a–e, 7

D Connections ELD.PI.8.1, 3, 6a, 6b, 10b, 11a

Electric cars drive quickly and efficiently thanks to innovations in electric motor design.
The motors for full-size passenger cars are big and expensive, but students can disassemble
smaller electric motors from old fans or other electronics (donated by parents or purchased
cheaply at local thrift stores) to look inside. As they open them up, they will encounter
magnets and wires carrying electricity (see Arizona Science Lab, All About Electric Motors
at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link51 and http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link52). How do these interact with one another to push a car?
Electricity and magnetism are grouped together in physics courses because the same
fundamental force ultimately drives them, and they can interact with one another. Both are,
like gravity, examples of forces that act on objects even when the objects are not touching,
and both are associated with a potential energy [CCC-5] . Unlike gravitational fields around
stars and planets that are hard to visualize, students can easily investigate magnetic fields
with simple bar magnets and iron filings (MS-PS2-5). Placing the iron filings on top of a thin,
flat piece of clear plastic, students can place various magnets and magnetic objects beneath
the screen. They should begin to ask questions [SEP-1] about the spatial patterns
[CCC-1] they see (MS-PS2-3). What happens if two magnets are placed end-to-end versus

side-by-side? Does the pattern change as a magnetic object is held in between? The iron
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filings also tend to concentrate in areas where the magnetic force is strongest. Does the
location of a strong magnetic field change in any situations? Can they arrange the magnets
so that they create a stronger force?
While many teachers are familiar with thinking about magnetic forces, what is the
relationship between magnets and energy [CCC-5] ? Magnetic fields are a way to visualize
the potential energy of magnets. Magnetic potential energy has some similarities with
gravitational potential energy because the relative position of the objects determines the
strength of the force. Magnets have two poles; therefore, orientation also becomes important.
Changing the relative position and orientation of magnets can store potential energy that
can be converted into kinetic energy (figure 6.34). This is the basic principle behind electric
motors. By analyzing data [SEP-4] from frame-by-frame video of a compass needle,
students can determine the conditions that cause the needle to gain the most kinetic energy.
They use these observations to support their model [SEP-2] that the arrangement of objects
determines the amount of potential energy stored in the system [CCC-4] (MS-PS3-2).
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Schematic diagram and model of energy flow within a system of a magnet moving a compass needle.
Note that the energy source/receiver model is very similar to the roller coaster being pulled by gravity
in figure 6.33. Diagram by M. d’Alessio.

Students then investigate [SEP-3] electromagnets using iron filings to see that the
electromagnets create magnetic fields with similar spatial patterns [CCC-1] to permanent
magnets. Students can be given a challenge to create the strongest electromagnet,
allowing different groups to ask questions [SEP-1] about the factors that affect magnetic
strength such as the number or arrangement of batteries, number of turns of the coil, or
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material inside the coil (MS-PS2-3). They can compare their results from this investigation
to a computer simulator that also visualizes the magnetic fields (see PhET, Magnets and
Electromagnets, http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link53).
They can then apply their knowledge to electric cars by creating a small electric motor
using simple items including a battery, a magnet, and magnet wire (see the Exploratorium
Web site at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link54). What approach will create
the motor that spins fastest? (MS-PS2-3). Students present their designs and each group
should refine its motor, potentially integrating successful design elements from other groups
(MS-ETS1-3). Like all engineering design, they will need to figure out a way to measure
and compare the performance of different designs. For example, they could play a video
recording of their real motor in slow motion to count the number of turns their motor
completes in 5 seconds. Students can create a graph comparing this quantification [CCC-3]
of motor speed to the initial length of wire used in the motor coil, the number of loops of
wire in the coil, or other factors. Two students might have used identical wires for the coil,
but their motors perform differently. Students can focus on what differences there might be
between the two designs or how carefully they were constructed. Students then return to
the motor that they dissected at the beginning of the instructional segment and compare it
to their simple motor (figure 6.35). Why are electric car motors designed the way they are?
igure
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Model of multi-stage energy flow within the system of an electric car. Note that the energy chain
continues on both sides of the chosen system (energy must come from somewhere outside the system
and will eventually leave the system). Diagram by M. d’Alessio.

As written, this instructional segment focuses almost entirely on a storyline that deals
primarily with magnetic fields. Even though students can meet the expectations of MS-PS23, MS-PS2-5, and MS-PS3-2 with the magnetic phenomena only, these performance
expectations explicitly mention both magnetic and electric fields. Teachers will have to
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decide how to partition their time between static electricity phenomena and magnetic
phenomena, but students should be prepared to confront either on assessments. One
approach would be to have students learn about magnetic fields and then provide a rich
performance task as an assessment where they apply the same principles to a situation
involving an electric field.

Disci line S ecific ra e ig t nstructional Segment
Waves Transmitting Energy and Information
Electricity and magnetism work together to transmit another type of energy
[CCC-5] , electromagnetic radiation that manifests itself as light, radio waves, microwaves,

and x-rays, among others. In this instructional segment, students explore both the nature of
waves themselves and how people use waves to transmit information.
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Guiding Questions
• How do waves interact with different objects?
• How are waves used to move energy and information from place to place?
Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Use mathematical representations to describe a simple model for waves that
includes how the amplitude of a wave is related to the energy in a wave. [Clarification
Statement: Emphasis is on describing waves with both qualitative and quantitative thinking.]
[Assessment Boundary: Assessment does not include electromagnetic waves and is limited to
standard repeating waves.]
S PS
Develop and use a model to describe that waves are reflected, absorbed, or
transmitted through various materials. [Clarification Statement: Emphasis is on both light
and mechanical waves. Examples of models could include drawings, simulations, and written
descriptions.] [Assessment Boundary: Assessment is limited to qualitative applications pertaining
to light and mechanical waves.]
S PS
Integrate qualitative scientific and technical information to support the claim that
digitized signals are a more reliable way to encode and transmit information than analog signals.
[Clarification Statement: Emphasis is on a basic understanding that waves can be used for
communication purposes. Examples could include using fiber optic cable to transmit light pulses,
radio wave pulses in Wi-Fi devices, and conversion of stored binary patterns to make sound
or text on a computer screen.] [Assessment Boundary: Assessment does not include binary
counting. Assessment does not include the specific mechanism of any given device.]
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The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using Models

PS4.A: Wave Properties

[CCC-1] Patterns

[SEP-5] Using Mathematics and
Computational Thinking

PS4.B: Electromagnetic
Radiation

[CCC-6] Structure and
Function

[SEP-7] Engaging in Argument from
Evidence

PS4.C: Information
Technologies and
Instrumentation

[SEP-8] Obtaining, Evaluating, and
Communicating Information
C CCSS

at Connections 6.RP.1, 3a–d; 7.RP.2a–d; 8.F.3; MP.2, MP.4

C CCSS for
C

iterac Connections RST.6–8.1, 2, 9; WHST.6–8.9; SL.8.5

D Connections ELD.PI.1.1, 3, 6a, 6b, 10b, 11a; ELD.PII.1

Learning how to convert electricity to electromagnetic radiation has allowed engineers to
design an array of technology, especially technology to help communicate voices, images,
and data. In this instructional segment, students make simple models of how waves travel
and how they can be used to transmit information.

Opportunities for ELA/ELD Connections
During the instructional segment, have students develop a sequenced set of illustrations
with accompanying content vocabulary to convey their understanding of waves.
Students can use concept maps, word webs, or graphic organizers (e.g., Frayer
Model) to identify corresponding types, examples and nonexamples, definitions,
illustrations of a concept, or essential (or nonessential) characteristics. These strategies
help all learners acquire effective vocabulary-development strategies as they acquire
content knowledge.
C CCSS for
iterac Stan ar s RST. 6–8.4; L.6–8.4
C
D Stan ar s ELD.PI.6–8.6

Even though radio waves used for communication are invisible oscillations of
electromagnetic fields, they share a lot in common with waves in the ocean and other
examples of mechanical waves. Mechanical waves involve the back-and-forth motion
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of physical materials instead of the oscillations of invisible fields, but the idea of repeated
oscillatory movement is common between them. In fact, waves share several common
features: (1) they are repeating quantities; (2) they interact with materials as they are
transmitted, absorbed, or reflected; (3) they can transfer energy [CCC-5] over long distances
without long-distance movement of matter; and (4) they can be used to encode information.
Over the course of this instructional segment, modeling activities should begin with
mechanical waves propagating in a medium that is visible (such as water waves), then
waves that propagate through a medium that is invisible (such as sound waves moving
through air), and finally wave models of light. Investigations [SEP-3] with real-world
objects can be complemented with technology. Computer or smartphone apps provide
interactive simulations of simple waves (http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link55),
ripple tanks (see Falstad, P. Virtual Ripple tank at http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link56) or even display the waveforms of sound recorded by microphones so that
students can use their personal technology as an oscilloscope to visualize waveforms of
noises in the room.
Students begin IS4 by investigating [SEP-3] a variety of waves they can generate and
observe in a flat-bottomed water container (ripple tank). Students observe and discuss general
properties of waves as observed including (1) reflection and reflections from a barrier, (2)
transmission of one wave through another, (3) transmission of a wave past a row of posts, and
even 4) the addition of multiple waves to make complex waveforms. Placing floating objects
at the surface and drops of colored dye below the surface allow students to track the motion
of particles within the tank. All of these observations of phenomena should provoke students
to ask questions [SEP-1] about some unique wave behaviors. Each group of students could
use a digital camera to create a short video clip of a surprising or exciting observation that they
would like to understand further. These questions can form the organizing structure [CCC-6]
for the instructional segment, and teachers can revisit them often.
Waves are part of many different physical processes, all of which share some common
aspects related to the shape, direction of their motion, and how this motion changes over
time. To clarify these common elements, scientists often use a diagrammatic representation
of a “typical” wave shape as a regularly spaced series of peaks and valleys (figure 6.36)
and they have developed a common set of vocabulary to describe key aspects of this
shape and its change over time. By illustrating simple waves on a stretched rope or spring,
students should be able to describe a wave’s amplitude, wavelength, frequency, and wave
speed. They can also apply these terms to describe things they saw in their ripple tank
investigation. Students described waves by their wavelength and amplitude in grade four.
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Figure 6.36. Diagrammatic Representation of a Wave
Wavelength (m)

Frequency (1/s)

Amplitude (m)

Speed (m/s)

Diagram by M. d’Alessio.

Having become familiar with the properties of waves and developed ways to represent
and describe travelling waves, students are ready to think about and model waves and/or
wave pulses as carriers of energy [CCC-5] and of information. They can readily recognize
that a wave or wave pulse of water in the open ocean transmits energy (in the form of
motion of the medium): they can see the motion of the water up and down by observing
a boat bobbing at the surface (motion = kinetic energy) and they know that the wave will
eventually crash into the shore and transfer this energy. They can also see that more of this
up-and-down motion results in a higher amplitude, thus qualitatively connecting the growth
in amplitude of the wave to an increase in the energy it transmits (MS-PS4-1). Students can
make this representation quantitative by dropping objects of different sizes into a tank and
measuring the height of waves generated (perhaps with the aid of digital photography to
allow more precise measurements of the fast-moving waves).
A car with its radio blasting may actually cause the windows of a neighboring car to
rattle because of the transmission of energy [CCC-5] by sound waves. To explain [SEP-6]
how the glass moves, students will model [SEP-2] the transformation of energy and its
propagation as a wave through the air to the glass. First, they will include the vibration of
the car speaker and how that vibration is transferred to the molecules of air. Then, they
will model how that vibration travels through space by compression and expansion of air
molecules finally reaching the window. Finally, students’ models will represent the transfer
of energy from the vibrating air molecules to the molecules in the glass.
Using their own models [SEP-2] of wave motion, amplitude, and energy [CCC-5]
allows students to come up with an explanation [SEP-6] for why waves break at the
beach (allowing for California’s famous surfing and other beach play). Surfers know that
water in a breaking wave is moving toward the beach (which pushes their surfboard
forward), but out beyond the breakers, it is not! They wait beyond the breakers and bob up
and down until a good wave arrives and then they paddle forward into the location where
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waves begin to break. When the water gets shallow enough, there is not enough room for
the wave to move up and down over its full amplitude without pushing against the sand
below. At that point, the wave can no longer maintain all its kinetic energy as up-and-down
motion, and some of the energy is transferred into forward motion that causes the wave to
tip over and break. Students can explore this phenomenon in a ripple tank by introducing
a sloping bottom spanning about a third of the tank length and driving waves by moving
a flat object up and down at the other end of the tank. They can observe the relationship
between the location where the sloped bottom begins and where waves begin to break, and
vary the slope angle to measure its effect on the waves.
While water waves are easily recognizable as waves, students need evidence to believe
that light and sound are waves. Because students’ models of waves include motion, they may
wonder what is moving in the sound wave or the light wave. For sound, students can readily
feel the movement as sound passes through a solid and develop a model [SEP-2] of backand-forth motion of the solid material. This model is then readily generalized to a model for
sound travelling through a gas, where this motion cannot be directly observed. Eventually this
work must link to particulate models of solids and gases developed later in IS5 and the way the
particles in the medium move as sound travels through it to develop a model of a sound wave.
Students can observe the driving energy of sound by observing the vibrations of speakers using
slow motion video clips or by simply placing paper scraps on top of a large speaker. Students
should be able to draw diagrams relating the driving motion from the speaker to the driving
motion in the ripple tank in order to communicate [SEP-8] their model [SEP-2] of waves.
Sound exhibits other key aspects of waves: sound can be described by frequencies (pitch) and
amplitudes (volume), sound waves reflect or are absorbed at various surfaces or interfaces,
and two sounds from different sources can pass through one another and emerge undisturbed.
Middle grades students should realize that light is also a wave phenomenon by
recognizing that it shows all the behaviors of waves (reflection, absorption, transmission
through a medium such as glass, carrying energy [CCC-5] and information from place to
place, MS-PS4-2). Eyes perceive waves with different frequencies as different colors, and
each wave’s amplitude is observed as light’s brightness. The obvious question—What is
the moving medium in a wave pattern for light?—is difficult to answer at this grade level.
In light, the movement is actually the changing pattern of electric and magnetic fields
travelling across space or through some forms of matter. Students will continue to explore
the nature of light in high school physics.
Light is an ideal platform for investigating the reflection, absorption, and transmission
of waves because students can literally see these processes in action. Students can
perform investigations [SEP-3] to compare the different effects of mirrors and different
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color paper on the path of light. Students can draw diagrams to model [SEP-2] each
situation, tracing the path of light and how energy [CCC-5] is transferred to different
objects based upon the interaction between the light and the materials (MS-PS4-2; figure
6.37). As early as grade four, students began developing a model of how light allows
objects to be seen (4-PS4-2), and teachers should connect to that learning experience to
emphasize that reflection is crucial because we only see objects after they reflect light back
to our eyes. White paper reflects light and most reams of paper have a label that the paper
industry calls the paper’s brightness, but this is really related to percentage of light reflected
by the paper (measured in a specific frequency range). A “96 bright” paper reflects about
96 percent of the incident light, which is actually more efficient than many mirrors. How can
paper reflect more than mirrors because light reflected off mirrors seems so much brighter?
The answer is that paper is rough at the microscopic level, so the light is reflected in all
directions instead of concentrated in one place like it is when light bounces off a smooth
mirror. So the total reflection of white paper and mirrors are often comparable, but people
only observe a small portion of the paper’s reflection from one location.1
igure

ig t

a es an Different

Mirror

aterials

re ected

re ected

All energy
transferred
to observer.

Mirror
has no change
in energy.

Some energy
transferred
to observer.

White paper
has no change
in energy.

No energy
transferred
to observer.

Black paper
increases
in energy
due to energy
absorbed.

scattered

White
paper
transmitted

Black
paper

absorbed

A pictorial model of the interactions between light waves and different ideal materials. Diagram by M.
d’Alessio.

1. Shining a light on some shockingly bright fluorescent colored paper appears to reflect more than 100 percent of the visible
light energy, in apparent violation of conservation of energy [CCC-5] . What is the source of this extra energy? In fact,
these papers contain dyes that absorb invisible ultraviolet energy and re-emit that energy as visible light that gets added to the
total visible light reflected off the paper. Some white papers as well as many laundry detergents also include these dyes that
increase the apparent brightness of surfaces. Unfortunately, these dyes can decrease the recyclability of paper and are another
chemical going down the drain for laundry detergents (EP&C Principle IV).
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In earlier grades, students developed an understanding of how humans and other
animals use light and sound to gain information about the world around them and transmit
information to others. In this instructional segment the emphasis shifts to the use of
technology to greatly expand our ability to transmit information encoded as waveforms
or wave pulses over large distances. For example, converting sound to electromagnetic
signals that are transmitted over a distance and converted back to sound at a receiver
(telephone, radio). Historical examples of encoded information in wave pulses, such as
drum or smoke signals and the invention of Morse code and early telegraph systems,
can be helpful in developing both the idea of information in a waveform and the idea of
encoding information. More modern examples include the difference between AM and FM
radio signals, fiber optics that allow us to use light to transmit information around the world
and around corners, and Wi-Fi signals that use low-level radiation spread across a range of
frequencies in what is called spread-spectrum communication. In all of these techniques,
there is the risk that signals will be distorted along their journey. Students can model this
problem with a game of telephone (a whispered message passed from student to student
rarely emerges unchanged). Another model, an analogy, is trying to whisper outside on
a windy day. The random noise of the wind interferes with the successful reception of
a person’s words. Similar effects occur in long distance communication when spurious
noise from another source arrives at the receiver along with the intended signal. Students
can develop solutions [SEP-6] to overcome or minimize this problem and ensure that the
signal is encoded in a way that the information is less readily destroyed or corrupted when
some low level of noise is added to the signal. Students should obtain information [SEP-8]
that allows them to support claims [SEP-7] about the benefits of digital encoding over
analog encoding of information (MS-PS4-3).
The purpose of this last part of the instructional segment is not to develop detailed
understanding of the functioning of all the relevant technology, but simply to begin to
recognize that engineers use an understanding of how sound and electromagnetic waves
are produced or absorbed to design modern communication and computation technologies.
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Disci line S ecific ra e ig t nstructional Segment
Thermal Energy and Heat Flow
What is heat? Is it something you can hold? Does it have mass? While the word
heat is a noun, it may be better to think of the adjective form as a description of matter:
hot stuff. Even as far back as ancient Greece, Democritus stated that “opinion says hot and
cold, but the reality is just atoms and empty space.” The goal of this instructional segment
is to help students understand what that statement means and how it relates to car crashes
and conservation of energy [CCC-5] .
D SC P

SP C

C
D

D

S

C

S

Guiding Questions
• How can we represent matter at the microscopic level?
• When an object is hot, how is it different from when it is cold?
• What happens when hot objects and cold objects interact?
• What happens to the kinetic energy of an object when it crashes or collides with the ground
and stops?
Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.
[Clarification Statement: Emphasis is on qualitative molecular-level models of solids, liquids, and
gases to show that adding or removing thermal energy increases or decreases kinetic energy
of the particles until a change of state occurs. Examples of models could include drawings
and diagrams. Examples of particles could include molecules or inert atoms. Examples of pure
substances could include water, carbon dioxide, and helium.]
S PS
Apply scientific principles to design, construct, and test a device that either
minimizes or maximizes thermal energy transfer.* [Clarification Statement: Examples of devices
could include an insulated box, a solar cooker, and a Styrofoam cup.] [Assessment Boundary:
Assessment does not include calculating the total amount of thermal energy transferred.]
S PS
Plan an investigation to determine the relationships among the energy transferred,
the type of matter, the mass, and the change in the average kinetic energy of the particles as
measured by the temperature of the sample. [Clarification Statement: Examples of experiments
could include comparing final water temperatures after different masses of ice melted in the
same volume of water with the same initial temperature, the temperature change of samples
of different materials with the same mass as they cool or heat in the environment, or the
same material with different masses when a specific amount of energy is added.] [Assessment
Boundary: Assessment does not include calculating the total amount of thermal energy
transferred.]
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S PS
Construct, use, and present arguments to support the claim that when the
kinetic energy of an object changes, energy is transferred to or from the object. [Clarification
Statement: Examples of empirical evidence used in arguments could include an inventory or
other representation of the energy before and after the transfer in the form of temperature
changes or motion of object.] [Assessment Boundary: Assessment does not include calculations
of energy.] (Revisited from IS1.)
S
S
Evaluate competing design solutions using a systematic process to determine how
well they meet the criteria and constraints of the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.A: Structure and
Properties of Matter

[SEP-3] Planning and Carrying
Out Investigations

PS3.A: Definitions of Energy

[CCC-2] Cause and
Effect: Mechanism and
Explanation

PS3.B: Conservation of
Energy and Energy Transfer

[CCC-3] Scale, Proportion,
and Quantity

ETS1.A: Defining and
Delimiting an Engineering
Problem

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

[SEP-4] Analyzing and
Interpreting Data
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument
from Evidence

ETS1.B: Developing Possible
Solutions

ig lig te California n ironmental Princi les an Conce ts
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
C CCSS

at Connections 6.RP.1, 6.SP.5a–d; 7.EE.3; MP.2

C CCSS for
C

iterac Connections RST.6–8.1, 3, 9; RI.7.8; WHST.6–8.1a–e, 7, 9

D Connections ELD.PI.8.1, 3, 6a, 6b, 10b, 11a

In grade four, students observed that heat flow is a mechanism to transfer energy
[CCC-5] , but they did not make any quantitative measurements or come up with a model

to explain [SEP-6] what heat is or how it can be transferred. To set the stage, students
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should be given a challenge question for formative assessment (Keeley, Eberle, and Farrin
2005, 103–108). A person has two identical thermometers and places one inside a mitten
and the other on the table just beside the mitten. After a few hours, what will happen to
the temperature shown on the two thermometers? Many students will incorrectly say that
the thermometer inside the mitten will heat up, but there is no energy source such as a
human body to cause this increase. As long as one object is hotter than other objects or
its surroundings, it will serve as an energy source that transfers energy to its surroundings
(figure 6.38). A mitten serves as an insulator that reduces some of this energy transfer
between the hand and the cold air. By thinking about how their own bodies are hotter than
their surroundings, students are ready to conduct a detailed investigation [SEP-3] into
the factors that affect heat transfer between objects at different temperatures (MS-PS34). Their goal is to determine how factors such as the amount of material they use, the
temperature difference at the start of the investigation, and the type of material affect the
transfer of energy [CCC-5] between two objects (PS3.B). There is a lot of flexibility in
the experiment students choose and it is difficult to investigate all the factors in a single,
simple experiment. MS-PS3-4 assesses whether or not students can identify a specific
subquestion related to heat transfer and design an experiment that collects evidence that
will help answer that question. To ensure that students see the role of each factor, student
groups communicate [SEP-8] the results of their experiments to the entire class.
Figure 6.38. Energy Flow and Hot Chocolate
Model of energ
Source Object

mug of
hot chocolate

Decrease in

thermal
energy

ow within the system of a mug of hot chocolate
sitting on a table.
Receiver Object
Increase in

table

thermal

air in room

thermal

energy

Increase in

energy

Model of energy flow within a system of a mug of hot chocolate sitting on a table. Diagram by M.
d’Alessio.
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Students began to develop a model [SEP-2] of matter as a collection of tiny particles
in grade five (5-PS-1) that is useful in understanding heat transfer. Teachers can activate
student thinking about this model by asking students to draw the air inside a syringe and
describe how they would represent it. Then, to elicit the importance of the space between
particles, students can be prompted to draw how the system [CCC-4] changes when the
syringe is sealed and compressed without air being allowed to escape. Students should be
introduced to evidence that these particles are in constant motion. Video clips of soot or dust
particles settling show that these big, macroscopic particles seem to be pushed randomly left,
right, and even upward as they drift slowly downward (see FranklyChemistry, A Smoke Cell
demonstrating Brownian Motion in Air, at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link57). The
best explanation [SEP-6] is that gases consist of tiny particles that are moving around and
crashing into one another randomly. Since these particles have mass and a speed, they must
have kinetic energy that is transferred as they collide. The models that students constructed
to describe the transfer of kinetic energy in car crashes can help students explain [SEP-6]
heat flow and thermal energy. It allows them to explain why objects eventually reach the
same temperature as they thermally interact until they reach a stable configuration [CCC-7]
(both objects have the same average kinetic energy, so neither of them has any additional
energy to give to the other). This model is also the first stage in understanding how atoms
combine into molecules during chemical reaction (MS-PS1-1). The vignette below illustrates
how this model can be developed further within a classroom.
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Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.
[Clarification Statement: Emphasis is on qualitative molecular-level models of solids, liquids,
and gases to show that adding or removing thermal energy increases or decreases kinetic
energy of the particles until a change of state occurs. Examples of models could include
drawings and diagrams. Examples of particles could include molecules or inert atoms.
Examples of pure substances could include water, carbon dioxide, and helium.]
S
S
Evaluate competing design solutions using a systematic process to determine
how well they meet the criteria and constraints of the problem.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.A: Structure and
Properties of Matter

[SEP-3] Planning and Carrying Out
Investigations

PS3.A: Definitions of
Energy

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.B: Developing
Possible Solutions

[SEP-7] Engaging in Argument
from Evidence
C CCSS at Connections MP. 2, MP.3; S.IC.5 (Introduced in preparation for higher
mathematics)
C CCSS for
C
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Introduction
The students in Ms. S’s grade eight classroom are investigating [SEP-3] structure [CCC6] and properties of matter [CCC-5] . They are challenged to be precise with their scientific

language and revise their conceptual models [SEP-2] as new evidence is produced through
the classroom’s investigations [SEP-3] or the teacher’s presentations. The students have
gained experience with some of the practices and core ideas of the CA NGSS during the
previous 14 days of science instruction. Therefore, the students in Ms. S’s class are building
on their prior knowledge of the particle nature of matter to further explore the behavior of
atoms and molecules. The learning outcomes of the instructional segment include the concept
that matter, specifically a gas, is composed of particles called molecules that move more
quickly or more slowly, depending on the temperature of the gas. In addition, the students
are extending their learning to incorporate a relationship between the relative speed of the
particles in a system [CCC-4] and the pressure exerted on the sides of the container.
Ms. S promotes student learning through real-world examples and student-constructed
models. She enables the students to develop their own conceptual models, to use the models
in predicting relationships between the model components, and to evaluate the models for
their explanatory power ( developing and using models [SEP-2] ). As the students gain
understanding of the core ideas through use of the additional CA NGSS practices of planning
and carrying out investigations [SEP-3] and o taining e aluating an communicating
information [SEP-8] , they address the limitations presented in the different models [SEP-2]
and work together to revise the models as new evidence comes to light.
Da

De elo ing an nitial Conce tual o el
The teacher probes students’ prior knowledge of states of matter and then presents them
with the phenomenon of an imploding tanker truck. Students propose possible models.
Da

at ering e
i ence to aluate an
e ise Conce tual o els
Students use a soda can as a physical model of the imploding tanker truck. Students begin
to verbalize an explanation about the role of air pressure in the implosion.
Da
sing iterac Discourse an
rgumentation to De elo a S are
Understanding
Students perform five short investigations that illustrated the behavior of air pressure and
share the results.
Da

sing e ise
o els to
lain P enomena
Students use a computer simulation to model air pressure and then revise their initial
models of the tanker implosion based on the new understanding.
Da s
lication of Scientific no le ge to an ngineering Pro lem
Students propose possible solutions to prevent tankers from imploding in the future. They
present and compare the solutions by different groups.
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Da

De elo ing an nitial Conce tual o el
Ms. S started an instructional segment on matter and its interactions that involved analysis
of the forces between atoms and molecules, but first wanted to find out if her students had
an understanding of the molecular nature of matter. She used a whole-class discussion to
bring out students’ prior knowledge. She asked some challenging conceptual questions (see
ConcepTests in the chapter on assessment) to review state changes and molecular movement
in relation to temperature. Based on this informal assessment, she learned that some of the
class remembered previous experiences with state changes that occur with water.
The teacher began by asking the class to describe what they already knew about how
gases behave. This allowed her to build new learning onto their prior knowledge and choose
questioning and investigations [SEP-3] more appropriate for her students. “We looked at
air, carbon dioxide, and water vapor. What do you know about the molecules of a gas? How
do they move? What affects their movement? What is a gas?” As students volunteered, she
wrote down several students’ responses on chart paper, for example, “Gases expand when
heated.” “As a liquid evaporates, it becomes a gas and the molecules move rapidly.” “There is
a difference in density.” “Gas is a state.”
“Molecules are small for gas and large for solid,” Canyon offered. Ms. S asked Canyon if he
had any examples of his idea and he replied, “No examples.” She stated, “That’s a question,”
and wrote Canyon’s words on the question side of the chart paper. She added, “Does anyone
want to comment on Canyon’s remark?” Lorenzo contributed that he thought molecules stayed
the same size and that as the molecules heated up, they moved faster. After listing many
student responses, Ms. S asked the driving question, “How do gases and their behavior affect
matter?”
nc oring
cleaned.

enomenon A railroad tank car dramatically imploded after being

The students then evaluated information [SEP-8] about a real-world scenario, using
photographs and video. In the video, a railroad tank car (tanker) was washed out with
steam and then all the outlet valves were closed. The video revealed the tanker dramatically
imploding the next day. After watching the video twice, the students began to speculate why
the tanker was crushed. They thought that the car froze, exploded, or compressed, and the
steam caused the tanker to collapse inward. An understanding of the cause and effect [CCC-2]
concept helped students make sense of this phenomenon.
Rick called out, “Okay, that’s crazy!” Ms. S asked the class to write in their journals their
descriptions of why the tanker was crushed. “Do you want to guess?” she asked. “I have
no idea,” one student replied. The teacher encouraged the class by asking them to continue
to think and work in their regular discussion groups. Each group’s task was to decide on
one model [SEP-2] to explain [SEP-6] why the tanker imploded, making sure the drawings
included molecules and arrows indicating the direction of the overall forces they applied to
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the tanker. Ms. S circulated among the students and asked guiding questions, such as, “What
happens when water vapor turns into liquid?” She directed students to include their ideas in
the models they were creating. The students drew and discussed the models in their groups.
“Steam inside is moving fast.” “Maybe it was cold.” “Didn’t explode; it imploded,” clarified a
student. Another said, “It was sealed. Nothing in there but air and steam.” Lorenzo decided
that there was a tornado inside. Ms. S directed the group to review what happens when
steam turns into a liquid. She reminded students of a previous balloon experiment when they
had identified a pressure difference and asked what would cause [CCC-2] the pressure to
change. She also encouraged students to incorporate the observation that heating a gas in a
container increases the pressure. Circulating among the four groups, she asked students about
their drawings, “Why did the tanker crush the next day? How do temperature changes affect
molecules? Is there pressure against the walls? Why?” Cristiano answered, “Pressure in air is
more than inside,” and his partner Jasmine offered, “The steam inside turned to liquid.” Ms. S
redirected their conversation with a new question, “Why would it implode?” Jasmine answered
immediately, “Heat expands molecules!” “The molecules were getting smaller,” contradicted
Cristiano. After thinking a moment, he said, “They don’t do that, do they?”
Ms. S asked the group about the air pressure arrows at the top of the tanker, “Why only
at the top of the tanker?” Cristiano ventured, “There’s more air on top, not at the bottom.”
Al added, “Molecules combine to take up less space.” Ms. S emphasized that when molecules
combine, they make new substances. Jasmine reminded the group that temperature had to do
something. Ms. S moved over to another group that had just broken into laughter and asked
what was so funny. Rick related, “I see smashed cans all the time. I think an airfoot stomped
the tanker down. And the molecules transformed into a molecule foot.” Ms. S asked, “What is
this imaginary foot?” Latasia answered, “Air.” Ms. S guided the students, suggesting that they
add that idea to the model.
As the discussions continued, several students began making connections between the
steam turning to liquid overnight and the resulting changes in collisions of molecules with the
walls inside and outside of the tanker. Through further questioning and reminders of previous
learning that contradicted students’ claims, Ms. S pressed the students to prioritize evidence
while, at the same time, allowed them to generate their own incomplete conceptual model. Ms.
S was well aware that she needed to allow her students to construct an understanding of
phenomena by putting their ideas together. She also knew that through guided experiences and
meaningful dialogue, students would adapt their model and demonstrate authentic learning.
Da

at ering e
i ence to aluate an
e ise Conce tual o els
The following day Ms. S encouraged students to reflect on how their ideas had evolved
from the beginning of the instructional segment. She wondered whether changes in students’
ideas would be apparent in their developing models: air molecules slowed down; water
changed state to liquid; pressure arrows showed the collisions of molecules against the edge
of the tanker; and when the gas molecules turned to liquid, there was less pressure on the
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inside causing the tanker to crumple. Reviewing the driving question from the day before,
“What would cause [CCC-2] pressure or a pressure difference?” the class identified two
key factors: temperature and pressure. The molecules that made up the steam were also
hitting the inside of the tanker, balancing the air molecules hitting the tanker on the outside.
Students were thus able to use their model [SEP-2] of particles to explain [SEP-6] a
macroscopic phenomenon.
Ms. S asked the class a new question, “What caused the pressure inside the tanker to
change?” The students did not respond at first. Then Lorenzo concluded that outside air
pressure presses on the tanker to crush it. Ms. S asked why it would do that. This question
led Ms. S to introduce the soda can investigation. She asked the class to make predictions
about what would happen to the soda can if water inside the can were heated, and the soda
can rapidly cooled. Students called out their predictions, “It’s going to do what the tanker
did.” “Crush!” “Implode.” Jasmine asked, “Are we going to seal the container?” showing her
understanding of the variables involved.
n estigati e
enomenon An aluminum can with a small amount of water inside
is heated on a hot plate and then submerged upside down in ice water. It implodes
instantly.

Working in their groups, the class prepared for a simulation of the crushed tanker using
an aluminum soda can. A small amount of water was put in the can and heated to boiling on
a hot plate; the can was then submerged upside down in an ice bath using tongs. The can
was immediately crushed. The enthusiastic reactions from the students included “Oh!” “That’s
cool!” “Awesome, it sucked it in!” (Some comments were based on incomplete understanding.)
The teacher asked the students to draw new models showing the molecules of gas in the can
and writing down their ideas in their science journals.
The following day, Ms. S provided students with a list of questions to guide their review of
the can implosion investigation from the day before. The list included movement of molecules
(speed), state of matter, and causes of pressure inside and outside of the can. Ms. S asked
the students to write answers in their science journals. Then they discussed their ideas in
groups. As she met with each group, Ms. S pressed students to verbalize core ideas about the
behavior of molecules and left the group with questions to consider. Finally, she directed the
students to write about their ideas as far as they had gotten. Ms. S provided a scaffold for
writing complete ideas by giving the class this sentence: When _____, the can crushed more
because _____.
As their understanding grew, students refined their models [SEP-2] and planned further
investigations [SEP-3] to explore changes in the variables. Calling the class back together,
Ms. S summarized the variables suggested by the groups: amount of water in the can,
temperature of the water bath, amount of time on the hot plate, size of the can, and amount
of seal when the can is flipped into the bath. Ms. S also reminded the students of the
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connection between the tanker implosion and their can implosion: the molecules of air hitting
on the outside were not balanced with the molecules of steam hitting the inside.
Da
sing iterac Discourse an
a Shared Understanding

rgumentation to De elo

n estigati e
enomenon Students test out different variables that might affect
whether or not the aluminum can will implode.

The following day the investigations [SEP-3] continued, using students’ ideas. Ms.
S asked questions about why more steam caused more pressure. The class regrouped to
perform five investigations with each group taking one idea: amount of water, temperature
of bath, time on hot plate, volume of can, and amount of seal. Each group identified three
variables to test as a way to develop a more causal explanation. As the groups worked, the
teacher questioned the students on their predictions and probed to elicit evidence to support
their explanations [SEP-6] . Lorenzo offered, “Steam vapor cools inside the can when the
can is placed in the ice bath and turns into water.” “Water liquid molecules move slower than
water gas molecules and the water liquid molecules take up less space because the gas
condensed into water,” added Jaylynn.
One group submerged the can with the opening upward and was surprised that the can
did not crush. Latasia thought there was too much space, so the can did not crush. Mia
thought that with more air there was more space because of the ratio between the air and
space. Mia’s response revealed a gap in students’ understanding of pressure differences. Ms. S
assigned a reading assignment on air pressure to help students obtain information [SEP-8] .
Da

sing e ise
o els to
lain P enomena
When students returned the next day, they drew a model of air pressure on people in their
science journals. Alicia described her picture of pressure on Earth and pointed out that higher
up there was less pressure because there were fewer steam molecules. The class reviewed
the meaning of forces and how force arrows explained pressure in the model they were
refining for the tanker question.
n estigati e
enomenon In a computer simulation of gases, changing the
temperature of gas inside a sealed container also changes the pressure.

Student responses became more confident as the lessons continued. Students used a
computer simulation of pressure versus temperature and Ms. S asked them to predict what would
happen; the class buzzed with conversation. Next, the students improved their models. Again,
Ms. S gave her students incomplete sentences to finish and reflect on what happened with their
soda can investigations [SEP-3] . Ms. S reminded students to provide evidence [SEP-7] for
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their explanations [SEP-6] , “What are the molecules doing? Let’s say the molecules are at a
popular hip-hop concert trying to see the band. What would the molecules be doing?” Jaylynn
conjectured that the quantity of molecules influences the pressure in the can: “The kids would
be pushing each other to get a better view of the band. Therefore, in the can more molecules
would mean less space in the can.” Alicia offered, “And molecules hitting the can from the
outside would not be able to push the can in.” Canyon added, “When the steam cools in the
can, it means less steam and less pressure. Because fewer molecules are hitting the inside of
the can, the can collapses.” The students’ responses show they understood the concept that as
the temperature decreased, the molecules moved more slowly and had fewer collisions.
The students compared the results of the soda can investigations [SEP-3] with the
implosion of the tanker. As they constructed explanations [SEP-6] , their understanding
of gas behavior concepts was evident and their models were more complete: “The tanker
imploded and the can got crushed because the number of air molecules hitting the outside
far exceed the number of air molecules or water molecules hitting the inside.” “The molecules
hitting the side cause pressure.” The students concluded that under normal conditions, the
tanker would not implode because the force of the molecules hitting the outside would equal
the force hitting the inside.
Da s

lication of Scientific no le ge to an ngineering Pro lem

n estigati e
enomenon How can we prevent railroad tanker cars from
imploding in the future?

At the end of the two-week instructional segment, Ms. S challenged the teams to apply
their knowledge of thermal energy and pressure to design a tanker that would not implode
after cleaning. The design constraints include the use of local materials and a feature that
would ensure even poorly trained technicians would not accidentally cause [CCC-2] the
tanker to implode. Ms. S led a discussion about how to evaluate the competing designs, and
the class agreed upon two criteria: cost effectiveness and no implosion.
The students were given additional aluminum soda cans to allow them to test their ideas.
After about 30 minutes of small-group brainstorming, designing, and building, each group had
a model to test. Cristiano, Jasmine, and Al proposed keeping the tanker in a warm room after
cleaning so that it would cool very gradually. To test their idea, they immerse it in warm water,
not ice water. It implodes very slightly. Al suggested, “Let’s use hot water instead of warm.
Then it would cool off very slowly.” The group agreed to try that.
Lorenzo’s group punched a small hole at the opposite end of the can and when they
immersed the can in the ice bath (with the punched hole just above the waterline), the can did
not collapse at all. Lorenzo and Latasia whooped for joy! Mia reacted, “Wait! What happens
to the liquid inside if there’s a hole in the tanker?” “What do you mean?” asks Lorenzo. “Well,
if the tanker has something like oil in it, the oil will evaporate out of the hole!” The others
agreed, but liked their design anyway, and thought that the problem was not that important.
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Canyon, Alicia, and Jaylynn whispered together for a long time before asking Ms. S for
materials. Jaylynn argued successfully to immerse a room-temperature can (not heated)
in ice water. When the group tried that, the can did not implode. Alicia is worried, “Do you
think we’re cheating?” Ms. S pointed out that it was a design worth considering and asked
the group if they could think of any problems with this design. Canyon offers, “This design is
great! But what if the tanker had a liquid inside that would not clean well with cold water?”
Rick’s group made a sign that they said they would paint on the tank, so it would never
come off. The sign said, “After cleaning, open all doors.” They demonstrated how it would
work by immersing the can right side up so that cool air could flow into the tank.
Ms. S concluded the class by pointing out that engineering problems often have many
solutions, with some better than others. The next day, the groups presented their design
solutions. Based on the two criteria that they established earlier, the class discussed which of
the solutions was best.

Vignette Debrief
The CA NGSS vision of blending disciplinary core ideas, science and engineering practices,
and crosscutting concepts was exemplified in this vignette. The learning progressions of the
CA NGSS disciplinary core ideas allowed teachers to assess whether students had the needed
foundation for the new concepts. The teacher presented engineering practices when she
introduced the tanker design engineering problem. Students were asked to apply the evidence
from the soda can experiment to the real-world problem of preventing a tanker from crushing
if maintained properly.
The vignette also highlighted that learning science has important implications in the real
world. In the vignette, the workers who cleaned the tanks had no conceptual understanding—
or at least no accurate mental model—of what would happen if they closed all the valves after
steam cleaning the tank. That was an expensive mistake for the company, and the workers might
have lost their jobs over it. This was a lesson about the importance of science in using and maintaining equipment and illustrated the interdependence of science, technology, and engineering.
SEPs. The students in the vignette engaged in many science and engineering practices,
thereby building a comprehensive understanding of what it means to do science. The scientific
practice of developing and using models [SEP-2] was highlighted throughout the vignette.
Students constructed two conceptual models: the first for the tanker’s implosion and the
second for the implosion or lack of implosion of the soda can. The second model was more
sophisticated and built on the first model, as new evidence was presented. A third model was
based on the concepts from the other two and illustrated a design solution. Throughout the
vignette, the students were challenged to modify and revise their models as they gained an
understanding of the disciplinary core ideas of the pressure and temperature variables. In
addition, the students were engaged in the scientific practices of planning and carrying out
investigations [SEP-3] and engaging in argument from evidence [SEP-7] . In small-group
and whole-group discussions, the students constructed scientific explanations [SEP-6]
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for the tanker implosion, revised their explanations as they synthesized the tanker
information, used their understanding of core ideas to construct a design solution, and
supported or refuted claims. Students completed assignments by o taining e aluation an
communication information [SEP-8] about pressure differences and design explanations.
DCIs. Students built on their understanding of the nature of matter (PS1.A: Structure and
Properties of Matter) by developing their model of solids, liquids, and gases. This model is
significantly richer than it was in elementary school where they simply determined that matter
was made of tiny particles. In the middle grades, students describe how temperature and
state of matter affect the motion and interaction of particles. In high school, they will extend
their model to so that it includes how the mechanism of electrical forces between particles
causes these behaviors, but this vignette demonstrates how middle grades students can
explain sophisticated phenomena even without referencing electrical charges or the internal
structure of atoms and molecules.
CCCs. Cause and effect [CCC-2] was highlighted in the vignette as students described the
effect of the forces applied on the tanker and soda can, and made comparisons. The students’
observations guided them to provide evidence for the causality of the tanker and soda can
collapse. They made predictions about scientific phenomena based on their developing
understandings of effects of molecular movement and causes for state changes. Later,
students applied structure and function [CCC-6] to an engineering a solution to prevent the
implosion of a tanker.
C CCSS Connections to nglis
anguage rts an
at ematics The CA NGSS
support an interdisciplinary approach to science learning to provide experiences across
disciplines. It is for this reason that each performance expectation has an associated
connection to the CA CCSS for ELA and mathematics. The students in the vignette grappled
with core ideas in physical science while meeting the CA CCSS for ELA/Literacy by holding
whole-class and small-group discussions (SL.8.1) and evaluating the scientific argument
[SEP-7] presented by others (SL.8.3). With the help of the teacher, the students
wrote arguments [SEP-7] about their models [SEP-2] and their learning in their science
journals (WHST.6–8.10).
The vignette also addressed grade-appropriate CA CCSSM throughout the exploration
with core ideas in physical science. In the vignette, the students strove to successfully
combine math and science practices to present valid explanations. In the vignette, student
models reflected abstract reasoning, using a symbol system including comparisons of relative
pressure (MP.2). Students drew the conclusion that as one variable (temperature) increased,
the other variable (pressure) increased. Students inferred the properties of matter from their
observations and experiments and justified their conclusions using the models they created
(laying the foundation for S.IC.5, a higher mathematics standard).
Resource
Adapted from NGSS Lead States. 2013a. Appendix D Case Studies, Case Study 1. http://www.
cde.ca.gov/ci/sc/cf/ch6.asp#link58
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To relate their experiments of heat transfer to their microscopic model [SEP-2] of
molecular movement, students use interactive computer simulations. These simulations
help them visualize the accepted scientific model of molecular motion and extend their
own model so that they can explain [SEP-6] state changes between solids, liquids,
and gases, and the transfer of energy [CCC-5] in terms of colliding molecules. In IS1,
students argued [SEP-7] that a change in kinetic energy is evidence [SEP-7] of energy
transfer. In this instructional segment, they look at the argument from the opposite direction
and argue that energy is transferred by changes in the kinetic energy of molecules (MSPS3-5). The simulations also help visualize how thermal energy includes both kinetic energy
from the translational movement of particles from place to place and kinetic energy from
vibrations within molecules and between atoms in a solid. Using this model, students should
be able to define temperature as being a measure of the average kinetic energy of the
atoms in an object.
With this model [SEP-2] of thermal energy, students can start to explain [SEP-6]
the flow of energy [CCC-5] in various situations. In IS1, students saw that some of an
object’s kinetic energy is converted to thermal energy by friction as it slides against another
object (see PhET, Friction at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link59). Sliding
along rough surfaces essentially re-orients the motion of individual particles so that their
systematic motion (from which we calculate their kinetic energy) is converted to randomly
oriented movements (from which we calculate their thermal energy). The particles continue
moving the same speed, on average, as they were originally so that no energy is actually
lost. The major change is in the average orientation of the motion (along with the fact
that some of the energy is also transferred to the stationary object as the molecules of the
two objects collide). The dissipation of sound waves with distance works the same way:
systematic vibrations devolve into random movement. Even though a person’s whisper
cannot be heard on the other side of a room, the energy of their voice is used to warm the
room up very slightly. Car crashes in real life undergo the same process: both cars appear
to be moving quickly in one direction at the beginning of the crash but are stopped at the
end. Where does the energy go? Again, the systematic motion of the car overall decays into
random vibrations and movements of the individual molecules in the car. When a car collides
with another object, whatever energy that is not transferred to the kinetic energy of that
object is converted primarily into thermal energy and sound energy by the end of the crash
(with a small amount of the energy going into permanent changes to the relative position of
the molecules within the deformed materials, but this turns out to be less than 10 percent
of the original kinetic energy for many metals). Engineers design the crumple zones so
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that all of this deformation and energy conversion into heat is concentrated in areas away
from the passenger compartment, which is intended to remain a rigid protective cage. The
crumpling also ensures that the passenger compartment slows down gradually, thereby
reducing the force on the occupants. There is significant effort by engineers today to select
materials and structures that “absorb energy” even more efficiently, which means converting
it to heat.

ngineering Connection ngineering C allenge
Design a Vehicle Radiator
Many systems [CCC-4] from human bodies to spacecraft operate best when they
are neither too hot nor too cold. Living organisms have evolved so that they have
mechanisms to avoid overheating (dogs pant, people sweat, rabbits have large
ears, etc.) or becoming too cold (birds have inner down feathers, mammals have
layers of fur, penguins huddle in groups, etc.). Many of these adaptations illustrate
how the heat transfer function [CCC-6] is supported by the specific shape or structure
[CCC-6] of the organism. Thermal regulation is also important in many different
technologies. Obvious examples include keeping the inside of refrigerators cool and the
inside of ovens warm, but engineers also include thermal regulation in the designs of
a variety of technology. Computer chips that are present in just about every electronic
object become damaged when they overheat, so almost all of these everyday objects
also include design elements to keep them cool. Students engage in a design challenge
in which they plan, build, and improve a system [CCC-4] to maximize or minimize
thermal energy [CCC-5] transfer (MS-PS3-3). Ideas for the challenge include designing
well-insulated homes (Concord Consortium, Build and Test a Model Solar House at
http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link60), a beverage or food container (NASA,
Design Challenge: How to keep gelatin from melting at http://www.cde.ca.gov/ci/
sc/cf/ch6.asp#link61), a solar oven (Teach Engineering, Hands-on Activity: Cooking
with the Sun at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link62), or even a cooling
system for a nuclear powered submarine (Lisa Allen, Historic Ship Nautilus: Submarine
Heat Exchange Lesson Plan at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link63). This
design challenge could also be integrated into the course theme of vehicles by having
students design an effective radiator for a car. Their design could take advantage of
liquids with different heat capacities flowing through tubes and/or fin-shaped metal
heat exchangers, just like the radiators in the cars and buses that might take them
to and from school. Students can consider the environmental impact of different
materials as one of the many factors constraining their design (MS-ETS1-1). Because
the performance of thermal regulation systems is easy to measure with a thermometer,
students plan [SEP-3] a rigorous testing process (MS-ETS1-4), analyze the data [SEP-4]
from the tests (MS-ETS1-3), and evaluate [SEP-8] different potential solutions (MSETS1-2) to iteratively improve their final design. Heat flow is also easily simulated on a
computer using software that is available for free (Concord Consortium, Energy2D:
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ngineering Connection ngineering C allenge
Design a Vehicle Radiator
Interactive Heat Transfer Simulations for Everyone at http://www.cde.ca.gov/ci/sc/cf/
ch6.asp#link64), allowing students to perform some of their planning and initial testing
and revision in a simulator before actually building any physical objects. During the
design process, students will likely need to become familiar with different mechanisms
of heat transport (conduction, convection/advection, and radiation).
While these processes are not explicitly mentioned in the performance expectations
for grade eight, students should be applying scientific principles to guide their design;
for example, different methods of heat flow require different design strategies to
exploit or minimize overall energy [CCC-5] transfer. Such information could have been
introduced during the investigations [SEP-3] of MS-PS3-4, but the emphasis there was
on the quantity [CCC-3] of overall energy transfer and different mechanisms were not
essential. The distinction becomes more important for this design challenge because
effective insulation designs often need to reduce all three mechanisms and effective
heat exchange designs typically exploit them all. Students should already have applied
models of convection to understanding energy flow [CCC-5] in Earth’s atmosphere and
interior during grade six (MS-ESS2-1 and MS-ESS2-6). Students can now relate their
macroscopic understanding of heat transport processes to their models of the movement
of individual particles. Conduction involves the transfer of energy directly by collision
between particles. Energy moves in convection when particles with large amounts of
thermal energy move to a different location and take their energy along with them.
Hot particles can also radiate energy as electromagnetic waves, which can be absorbed
by other particles during the energy transport process called radiation. Students finish
the activity by creating a product information sheet in which they argue [SEP-7] that
people should buy their product. They will communicate [SEP-8] the features of
their product that allow it to perform better than their imaginary competitors as well
as evidence [SEP-7] from their investigations [SEP-3] and testing showing that it
actually does.

Disci line S ecific ra e ig t nstructional Segment
Chemical Energy and Reactions
In IS5, students represented matter as moving particles. In this instructional
segment, they modify that understanding to show that the particles can consist of smaller
pieces called atoms and that particles come in different sizes and shapes called molecules,
each with a unique set of properties that differ from the properties of the individual atoms.
These molecules break apart and recombine through chemical reactions.
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Guiding Questions
• How do car engines turn gasoline into motion?
• How do people use technology to change natural materials into synthetic ones?
Performance Expectations
Students who demonstrate understanding can do the following:
S PS
Develop models to describe the atomic composition of simple molecules and
extended structures. [Clarification Statement: Emphasis is on developing models of molecules
that vary in complexity. Examples of simple molecules could include ammonia and methanol.
Examples of extended structures could include sodium chloride or diamonds. Examples of
molecular-level models could include drawings, 3D ball and stick structures, or computer
representations showing different molecules with different types of atoms.] [Assessment
Boundary: Assessment does not include valence electrons and bonding energy, discussing the
ionic nature of subunits of complex structures, or a complete description of all individual atoms
in a complex molecule or extended structure is not required.]
S PS
Analyze and interpret data on the properties of substances before and after the
substances interact to determine if a chemical reaction has occurred. [Clarification Statement:
Examples of reactions could include burning sugar or steel wool, fat reacting with sodium
hydroxide, and mixing zinc with hydrogen chloride.] [Assessment Boundary: Assessment is
limited to analysis of the following properties: density, melting point, boiling point, solubility,
flammability, and odor.]
S PS
Gather and make sense of information to describe that synthetic materials come
from natural resources and impact society. [Clarification Statement: Emphasis is on natural
resources that undergo a chemical process to form the synthetic material. Examples of new
materials could include new medicine, foods, and alternative fuels.] [Assessment Boundary:
Assessment is limited to qualitative information.]
S PS
Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.
[Clarification Statement: Emphasis is on qualitative molecular-level models of solids, liquids, and
gases to show that adding or removing thermal energy increases or decreases kinetic energy
of the particles until a change of state occurs. Examples of models could include drawings
and diagrams. Examples of particles could include molecules or inert atoms. Examples of pure
substances could include water, carbon dioxide, and helium.]
S PS
Develop and use a model to describe how the total number of atoms does not
change in a chemical reaction and thus mass is conserved. [Clarification Statement: Emphasis
is on law of conservation of matter and on physical models or drawings, including digital forms
that represent atoms.] [Assessment Boundary: Assessment does not include the use of atomic
masses, balancing symbolic equations, or intermolecular forces.]
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S PS
Undertake a design project to construct, test, and modify a device that either
releases or absorbs thermal energy by chemical processes.* [Clarification Statement: Emphasis
is on the design, controlling the transfer of energy to the environment, and modification of
a device using factors such as type and concentration of a substance. Examples of designs
could involve chemical reactions such as dissolving ammonium chloride or calcium chloride.]
[Assessment Boundary: Assessment is limited to the criteria of amount, time, and temperature
of substance in testing the device.]
S
S
Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
S
S
Evaluate competing design solutions using a systematic process to determine how
well they meet the criteria and constraints of the problem.
S
S
Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
S
S
Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

PS1.A: Structure and Properties
of Matter

[CCC-1] Patterns

[SEP-4] Analyzing and
Interpreting Data

PS1.B: Chemical Reactions

[CCC-2] Cause and Effect:
Mechanism and Explanation

PS3.B: Conservation of Energy
and Energy Transfer

[CCC-3] Scale, Proportion,
and Quantity

ETS1.A: Defining and Delimiting
an Engineering Problem

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)
[SEP-8] Obtaining,
Evaluating, and
Communicating Information

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution
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ig lig te California n ironmental Princi les an Conce ts
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
C CCSS

at Connections 6.NS.5, 6.SP.4,5a–d, 6.RP.3, 7; 7.EE.3, 7.SP7a–b; MP.2, MP.4

C CCSS for
C

iterac Connections RST.6–8.1, 3, 7, 9; WHST.6–8.7, 8, 9

D Connections ELD.PI.8.1, 3, 6a, 6b, 10b, 11a

The CA NGSS performance expectations for grade eight do not require students to
probe the interior structure of atoms nor to investigate [SEP-3] the mechanisms by which
chemical reactions are accomplished. The focus is instead on bulk properties of materials
and how changes to them can be explained by reorganizing atoms into different molecules.
The performance expectations ensure that students build a robust model [SEP-2] of the
relationship between chemical reactions and the particulate model of matter, conservation of
matter [CCC-5] , and the macroscopic effects of chemical reactions. The structure [CCC-6]

of atoms, the periodic table, and the details of bonding are all addressed in detail when it
is developmentally appropriate during high school (HS-PS1-1 through HS-PS1-8). This focus
contrasts with the California 1998 Science Content Standards (1998 Standards) where the
periodic table was introduced in grade five and the interior structure [CCC-6] of atoms
was introduced in grade eight.
Students begin the instructional segment by bringing in one of their favorite objects
from home. What is it made out of? Most objects in our everyday life are made out of
synthetic materials, meaning that natural materials were taken from the natural environment
and then transformed by chemical processes into materials with new properties. These
materials are often stronger, more durable, or weigh less than the original natural material.
Students obtain information [SEP-8] about the materials that make up their objects (MSPS1-3). What natural materials were the raw ingredients to their own objects of interest?
How do the properties of the final products differ from the raw ingredients?
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Opportunities for ELA/ELD Connections
If a student has brought in an object (as noted above), have the student ask questions
to help gather information about whether their object is from all natural ingredients.
Example questions are: What natural materials were the raw ingredients to the
object of interest? How do the properties of the final products differ from the raw
ingredients? What processes did the materials have to undergo in order to change?
Students can use Internet resources to find answers to these questions. Students should
then communicate [SEP-8] some of their findings with presentations to small groups.
Each group then compares the products and identifies commonalities in both raw materials
and manufacturing processes. These patterns [CCC-1] help explain [SEP-6] what is
actually happening during these processes. Another goal of this activity is to help students
make the connection between natural resources and the built environment. Based on their
research about the source materials for their objects, students present arguments [SEP-7]
about whether or not they agree or disagree with the statement about each object: Should
this object be labeled “all natural.”
C CCSS for
iterac Stan ar s WHST.6–8.7; SL.6–8.1, 2
C
D Stan ar s ELD.PI. 6–8.2, 5

What happens when materials are mixed together? Sometimes nothing, but sometimes
materials change in exciting ways. These transformations are at the heart of the chemical
processes that convert natural materials to synthetic ones and occur every instant in
living organisms and in the nonliving environment. This instructional segment begins with
an investigation [SEP-3] into a series of mystery powders and liquids, most available at
the local supermarket (powders include flour, Epsom salts, powdered lemonade, calcium
chloride, washing soda, and corn starch. Liquids include water, vinegar, lemon juice, and
iodine tincture. Purple cabbage juice can be added as a colorful pH indicator). The materials
are not identified by name, which is done to emphasize the observation component of
the activity without devoting time to naming chemical compounds (see Minnesota Science
Teachers Education Project, Chemical Reactions: Investigating Exothermic and Endothermic
Reactions at http://www.cde.ca.gov/ci/sc/cf/ch6.asp#link65). Students first observe the
different properties of individual liquids and powders, including their color and texture, and
density (students have been conducting such investigations [SEP-3] since grade two,
2-PS1-1, 5-PS1-3). Next, students combine different combinations of two unknown powders
with one unknown liquid in a plastic zip top bag. They conducted a similar investigation
[SEP-3] in grade five (5-PS1-4), but this time the emphasis will be on observing properties

to determine whether or not a chemical reaction has occurred (MS-PS1-2). In this inquiry
approach, students are not given any criteria for identifying chemical reactions, but record
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careful notes about which powders and liquids were used in each combination using a
collaborative online spreadsheet. Because they are pooling observations, they are able to
collect a large number of different combinations that allow them to recognize patterns
[CCC-1] in the events. Changes in state, density, odor, and unusual color changes are

all indicators that a chemical change has occurred. In many cases, however, students
will observe no unusual changes (e.g., red-colored liquids might turn into a pink squishy
gel when combined with a white powder) because no chemical change resulted from the
combination. They should be able to analyze the data [SEP-4] and use the patterns to
predict what will happen with a previously untested combination of powders and liquids.
Their prediction should be specific, including describing changes in properties such as
density, melting or boiling point, solubility, effervescence, or odor.
One of the most obvious changes students observe is a temperature change inside the
bag when certain combinations of the powders and liquids are chosen. In some cases, the
bag heats up. Students define the system [CCC-4] of interest as the ingredients inside the
zip-top bag and try to model the flow of energy [CCC-5] using the same energy source/
receiver diagrams they have used in previous instructional segments (figure 6.39). Knowing
that the energy to warm up the materials has to come from somewhere, students can use
their observations and this model to support the argument [SEP-7] that there must be a
chemical potential energy in which energy can be stored, and that this energy can convert
into thermal energy. They should also be able to model the opposite situation where the
bag cools down. At this point, students should have many questions [SEP-1] about what
chemical energy is or how it is stored, but most of these questions remain unanswered until
high school. They can infer that the relative position of the ingredients plays a role because
potential energies are related to the relative position of objects. At this point, students’
model should simply consist of the relationship that chemical reactions cause [CCC-2]
energy to be converted through a change in the position of the particles relative to one
another. They will refine this model [SEP-2] later in the instructional segment.
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Figure 6.39. Energy Flow and Heated Chemicals

Model of energy flow within the system
where chemicals heat up when mixed
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Model of energy flow within a system where chemicals heat up when mixed. Diagram by M. d’Alessio.

ngineering Connection Designing a
Powered by Chemical Reactions

an

armer

Students now imagine that they will travel to a very cold place to explore and play
and that they will want a way to keep their hands warm for as long as possible.
Their goal is to analyze data [SEP-4] from the previous experiment to help
design a hand-warming pad powered by chemical reactions (MS-PS1-6). Students
will need to define the criteria [SEP-1] for judging hand warmer performance (MSETS1-1). Is it best to have the hand warmer reach its peak temperature quickly and cool
back down quickly, or to warm slowly to a lower peak temperature? The engineering
challenge works best when the whole class records its findings from the mixtures with
two powders and a liquid in a collaborative spreadsheet so that a large number of
unique combinations can be tested. Students should discover patterns [CCC-1] in the
class observations to identify which two materials consistently react before they select
their materials and begin to test them. They then perform iterative tests to determine
the relative concentration of the two ingredients that lead to optimal hand warmer
performance (MS-ETS1-2, MS-ETS1-4). By communicating [SEP-8] their findings to the
class, teams with different solutions can compare the relative performance of their hand
warmers to decide the relative merits of each one (MS-ETS1-3).
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Earlier in the instructional segment, students applied their understanding of potential
energies to infer that chemical reactions must cause [CCC-2] particles to change their
position relative to one another. This relates to students’ work in grade seven when they
developed a model of how food molecules are rearranged through chemical reactions (MSLS1-7). They focused on the simple chemical equations of photosynthesis and respiration.
Now they can revisit those reactions. In what way are the particles rearranged? Using the
familiar molecules involved such as water and carbon dioxide, teachers can illustrate how
atoms combine to form simple molecules with very simple shapes. Students can then make
physical models of these combinations (MS-PS1-1) using interconnecting plastic toy bricks,
sticky notes, or digital representations. Not only do these models depict atoms that are
chemically bonded together, but they also introduce students to the concept of molecular
shape. Molecular structure [CCC-6] is crucial in determining the behavior and function of
these molecules in living systems [CCC-4] , but also in determining the properties of water
and other inorganic compounds. It should be emphasized that explaining these applications
is outside the scope of middle grades (for example, water’s polarity cannot be explained
without a detailed understanding of the internal structure [CCC-6] of the atom and
chemical bonding), but this performance expectation lays the foundation for more advanced
study.
Thermal energy plays an important role in chemical reactions, as the challenge of the
hand warmer at the beginning of this instructional segment illustrates. Students can apply
the kinesthetic model [SEP-2] , using their bodies to represent atoms in a reaction in
which chemical potential energy is converted to thermal energy (MS-PS1-4). The products
of the chemical reaction in a hand warmer are noticeably hotter than the original unreacted
material, which means that they must speed up after the chemical reaction. The same is
true in a number of other important chemical reactions such as combustion and respiration.
Natural gas in the burner on a gas stove reacts with oxygen and produces a very hot
combination of water and carbon dioxide. These gases are hot enough to cook food,
transferring some of their thermal energy to warm it up. The new molecules created by
combustion, water and carbon dioxide, both float away harmlessly into the room so that
there is no smoke or soot on the pot. A similar reaction occurs in a vehicle engine. Gasoline
also combusts with oxygen, and the carbon dioxide and water produced are moving fast
enough that they collide with the walls of the engine and push on cylinders that ultimately
cause the wheels of a car to turn. These molecules retain enough heat to remain gases
until they eventually exit the exhaust pipe. Sometimes exhaust pipes drip water, which
just means that the water produced during the combustion reaction cooled enough to
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condense before getting to the end of the exhaust pipe. The speed of molecules also plays
an important role leading up to the chemical reaction. When particles are moving faster in
a material, they are more likely to collide with one another. Since many chemical reactions
begin when particles collide, particles that are moving faster are more likely to participate in
certain chemical reactions.
Students should be able to use their models of particles interacting during chemical
reactions to depict the difference between pure substances (made of a single type of
atom or a single type of molecule) and mixtures. For example, a jar containing a mixture
of hydrogen and oxygen atoms is extremely flammable and will easily ignite, but a jar
containing the exact same number of hydrogen and oxygen atoms bonded together to
form the pure substance of water is not flammable at all. Once simple structures have been
mastered, students should also be able to represent larger combinations of multiple atoms
using different shapes.
While physical models often depict individual molecules, it is important to remind
students that these molecules typically exist as a sea of an uncountable number of similar
molecules that interact with one another and different atoms and molecules. Whether the
material behaves as a solid, a liquid, or a gas depends on the relationship and interaction
between these molecules. When molecules are close enough to strongly interact, they
behave as a solid. Some solid materials form extended crystal structures where the same
pattern of atoms repeats and it is not necessarily clear where one “molecule” begins and
another ends. The clarification statement for MS-PS1-1 mentions diamonds and salt as
examples of extended structures, but the vast majority of inorganic solids are crystalline,
including pure metals and all minerals. Glass, wax, plastics, thin films, and gels are all
examples of solids without a crystal structure that are common in synthetic products but
rarer in nature.
Interactions between molecules of different types sometimes result in collisions in which
atoms change partners completely. Students should be able to use their models of simple
molecular structures to illustrate chemical reactions as atoms changing partners. Physical
manipulatives can be useful to illustrate the conservation of mass, which requires that the
number of atoms at the beginning of a chemical reaction must equal the number of atoms
at the end. If students have actual objects left over, it means that they haven’t recombined
the atoms correctly (MS-PS1-5). Students can also use their own bodies as a physical model
to represent individual atoms that change partners (figure 6.40). Chemical equations are
also models of chemical reactions, but the assessment boundary for MS-PS1-5 states that
students will not be responsible for balancing symbolic chemical equations. Nonetheless,
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students should be able to balance a chemical equation using physical manipulatives (by
making sure that all starting atoms are included) and also support the claim that the mass
of the system [CCC-4] does not change during the chemical reaction because the number
of atoms has not changed.
igure
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Students using their bodies as a physical model of the combustion of methane.
Diagram by M. d’Alessio.

Students now return to their research into synthetic and natural objects from the
beginning of the instructional segment. What atoms were in the natural materials and
how were they rearranged? Often during manufacturing, “impurities” are removed.
These atoms do not go away, and so these processes often generate waste. Rearranging
atoms can sometimes release energy [CCC-5] when it happens spontaneously, but
many manufacturing processes rearrange atoms in ways that do not occur naturally.
These processes require energy input, which means that manufacturing requires energy
resources. The source for this energy can be chemical reactions, as it is for fossil fuels. But
accumulating the source materials such as coal, oil, and natural gas comes at significant
cost. Students obtain information [SEP-8] about energy sources and waste products
and communicate [SEP-8] how the technology of their synthetic material influences
society and the natural world (EP&C II).
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Science Literacy and English Learners
This section presents a vignette with an example of how teaching and learning may
look in a grade seven classroom when the California Next Generation Science Standards
(CA NGSS) are implemented in tandem with the California Common Core State Standards
(CA CCSS) for English Language Arts (ELA)/Literacy and the California English Language
Development (CA ELD) Standards. The purpose is to illustrate how a teacher engages
students in three-dimensional learning by providing them with experiences and opportunities
to develop and use the science and engineering practices (SEPs) and the crosscutting
concepts (CCCs) to understand the disciplinary core ideas (DCIs) associated with the topic
in the vignette. An additional purpose is to provide examples of how language and literacy
development are cultivated through interactive and engaging science literacy learning tasks.
The vignette includes scaffolding approaches for English learner (EL) students. Many of
the strategies employed in the vignette are inspired by the document Integrating the CA
ELD Standards into K–12 Mathematics and Science Teaching and Learning (Lagunoff et al.
2015), which provides illustrative examples of the tandem implementation of the CA ELD
Standards with the CA NGSS and California Common Core State Standards for Mathematics
(CA CCSSM).
It is important to note that the vignette focuses on only a limited number of performance
expectations. It should not be viewed as showing all instruction necessary to prepare
students to fully achieve CA NGSS performance expectations or complete the instructional
segment. Neither does it indicate that the performance expectations should be taught one
at a time. This vignette is based on similar CA NGSS performance expectations presented
in this chapter’s Discipline Specific Middle Grades Vignette 6.2: Structure, Function, and
Information Processing.
The vignette uses specific classroom contexts and themes, but it is not meant to imply
that this is the only way in which students are able to achieve the indicated performance
expectations and learning target. Rather, the vignette highlights examples of teaching
practices, lesson organization, and possible student responses. Science instruction should
take into account that student understanding builds over time and is extended by revisiting
topics and concepts throughout the course of the year. In addition, some topics or concepts
require different pedagogical and scaffolding approaches, depending on individual student
needs. Finally, while the vignette provides several illustrations of pedagogical practices, it
does not include everything that educators need to consider when designing and facilitating
learning tasks. All learning environments should follow research-based guidelines.
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Performance Expectations
Students who demonstrate understanding can do the following:
S S
Use argument supported by evidence for how the body is a system of interacting
subsystems composed of groups of cells. [Clarification Statement: Emphasis is on the
conceptual understanding that cells form tissues and tissues form organs specialized for
particular body functions. Examples could include the interaction of subsystems within a
system and the normal functioning of those systems.] [Assessment Boundary: Assessment
does not include the mechanism of one body system independent of others. Assessment is
limited to the circulatory, excretory, digestive, respiratory, muscular, and nervous systems.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-7] Engaging in Argument
from Evidence

LS1.A: From Molecules to
Organisms: Structures and
Processes

[CCC-4] Systems and
System Models

[SEP-8] Obtaining, Evaluating, and
Communicating Information
C CCSS for
C

[CCC-6] Structure and
Function

iterac Connections SL.7.1; WHST.6–8.1a–e, 4, 5, 7

D Connections ELD.PI.7.1, 2, 4, 7, 10; ELD.PII.7.1, 2

Introduction
Ms. K’s grade seven students are learning about interacting systems. To provide her
students with rich and varied learning experiences that meet the needs of all of her diverse
learners, Ms. K designs her lessons so students have opportunities to make scientific
discoveries, understand science concepts, and learn to read and write like scientists—all in
a supportive environment that include ample discussion and collaboration. In this lesson
sequence, she wants her students to make connections about the relationships between
and among systems [CCC-4] , so they more fully understand both their own bodies and the
natural world. The big idea that guides her lesson planning is that systems [CCC-4] affect
one another, so that changes [CCC-7] in one system or subsystem may affect other systems
or subsystems within an organism or ecosystem.
The 32 students in Ms. K’s fifth-period grade seven class have a wide variety of
backgrounds and bring a rich diversity of experiences and knowledge into the classroom.
About one-third of her students speak a nonstandard dialect of English at home. In addition,
10 of her students are reclassified as fully English proficient within the last three years, while
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another five are at the late Expanding or early Bridging level of English proficiency. These
students have a strong grasp of conversational English but need support understanding and
using some academic language. Two of her students are newcomers at the early Emerging
level of English language proficiency, and they regularly need substantial support to
participate in all classroom activities. Ms. K’s goal is to provide an appropriate level of support
for all of her students so all can not only learn science content deeply but also increase their
ability to read and write complex scientific texts.
Lesson Context
Ms. K’s current lesson sequence has two parts, and the class is mid-way through the
second part. In the first part, the class focused on cells as tiny living systems. They are
currently studying how these cells interact and work together to make more complicated
organisms involving more complicated interacting subsystems, including those within the
human body.
nc oring

enomenon Pine trees have different visible parts.

To help students build their understanding of more complex systems, Ms. K’s class studied
pine trees, examining, discussing, and writing about the tree as a system [CCC-4] consisting
of several subsystems. The class had co-created a large multi-media composition of a pine
tree on butcher paper that covered the wall in the back of the classroom. The pine tree had
been painted, but real pine needles had been glued onto the butcher paper, as had small
twigs and pieces of bark. The pine tree’s parts were labeled in the home languages of the
students in the classroom: English, Spanish, and Filipino. Other academic and domain-specific
language related to the content was also included on the mural, including short, studentfriendly definitions.
n estigati e
enomenon A pine tree struck by lightning on one branch survives
and thrives on other branches.

Ms. K explained that the tree can be considered a system [CCC-4] made up of several
sub-systems. Ms. K posed a set of questions that the students had to answer together, cowriting their responses on the mural:
• What would happen if the root system were damaged?
• What if the trunk and bark were compromised due to fire or a lightning strike?
• How does the tree obtain energy and matter and move them around?
• How does each subsystem contribute to the tree’s survival?

In their written responses, Ms. K supported students in using the academic and domain
specific vocabulary from the instructional segment.
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enomenon Human bodies have different organs and tissues.

After her students had studied the subsystems within a pine tree in depth, Ms. K facilitated
a series of lessons in which students began to transfer their understanding of systems and
subsystems from trees to the human body.
Students first examined organs and tissue within the human body. Students worked in
collaborative groups to explore an online interactive body tour, choose and research an organ
and a tissue, and then give a group presentation on the group’s chosen organ and tissue.
For these group projects, Ms. K strategically created linguistically heterogeneous groups;
the students in each group represented a range of English language proficiency. Whenever
possible, each newcomer was placed in a group in which at least one student spoke his
or her home language. As a component of the presentation, each group created a labeled
graphic that was then posted on the classroom walls. The class also co-created a word wall
that included the words necessary to understand the content, as well as student-friendly
definitions.
As students continued to build both their science conceptual understandings and language
and literacy skills, they used what they had learned to write a scientific argument [SEP-7]
about how complete or partial failure of the whole organ or tissue chosen would affect other
subsystem(s) or the functioning of the human body as a whole. The following learning target
and CA NGSS performance expectation guide teaching and learning for the lesson.
earning arget Students will write an evidence-based argument [SEP-7]
demonstrating understanding of the relationship of body systems to survival.
(MS-LS1-3)

Lesson Excerpts
Building Models
n estigati e
enomenon Humans have two kidneys but can survive with just
one. However, they cannot survive when both kidneys fail.

Following the students’ group research assignments and presentations, Ms. K began the
next phase of the lesson sequence in which the objective was to help her students understand
how the organs and tissues of the body work together as subsystems to complete tasks and
regulate body functions [CCC-6] necessary for survival. She began by introducing students to
the role of kidneys.
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As a first step, Ms. K asked her students to build models of body systems [CCC-4] in
small groups, as this format promotes interdependence and is conducive to peers providing
support. She divided the students into eight groups of four, again ensuring that the groups
incorporated students representing a range of English language proficiencies. Four of the
groups each built a model of the heart that showed its function; the other four groups
each built a model of the kidneys that showed their function [CCC-6] . Ms. K had a set
procedure for models and experiments in which she organized the materials and placed
them in bins before class, and each group immediately assigned a materials manager to
collect the materials. For the heart, students were provided a water bottle, different sizes
of surgical tubing, duct tape, red food coloring, balloons, and a foam core board. For the
kidneys, students worked with a larger water bottle, a smaller water bottle, a plastic cup,
cotton balls, and a tea bag. Ms. K wanted her students to be inventive and demonstrate
independence. Because she also wanted to support them, she had written instructions for
building each of the models and provided YouTube videos ready to view on the classroom
computers that showed each of the models in action. Ms. K let students know that if they felt
stuck or overwhelmed, they could request written instructions, watch a video of the model in
action, request to observe what another group was doing, or ask Ms. K for assistance. Ms. K
circulated during the modeling activity to ensure her students understood and to judiciously
provide appropriate levels of support.
Ms. K stopped by one of the groups working on the heart model to see how its model was
progressing. The group consisted of four students: Yesenia, Patricia, Dominic, and Carlos. In
particular, Ms. K monitored how Patricia, at the early Emerging level of English proficiency,
was understanding the group task.
esenia (Holding the water bottle.) This should be the heart, ‘cause we could make it
beat. (She squeezes the water bottle a few times.)
Dominic Yeah, it could push the blood out and around.
esenia Pump the blood.
s
It sounds like you’re already thinking through your approach. From our recent
work, do you remember what word we used to discuss blood moving around the
body?
Carlos Umm … circulate?
Yesenia: (Still holding and pumping the water bottle.) This heart could circulate the
blood all around the body.
Dominic Throughout the whole body in the veins
s
I see you are using academic vocabulary. Can you create a sentence to
describe what you’re planning that uses academic vocabulary?
Dominic We can use the bottle to create …
esenia We can use the bottle as the heart to circulate the blood …
Carlos Circulate the blood throughout the body in the veins.
Dominic We can use the bottle as the heart to circulate the blood throughout the
body in the veins.
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s
¿Entiendes, Patricia?
Patricia (Making a “so-so” motion with her hand.) Tipo de …
s
Yesenia, can you help Patricia understand your approach?
Yesenia: (Holding up the bottle.) Podemos utilizar la botella como un corazón … (She
squeezes the bottle) … para mover la sangre por todo cuerpo.
Patricia El corazón es the bottle. Circula la sangre. Si. (She turns to Ms. K.) I
understand.
esenia (Prompting Patricia.) The blood circulates.
Patricia The blood circulates.
s
(Smiles and makes eye contact with all the students in the group.) Thank you.
Please continue your work.
Ms. K moved on to different groups, continuing to circulate, encouraging, and supporting
her students in building viable models and using appropriate domain-specific vocabulary to
discuss their approaches to building the models. After the students completed their models,
each group discussed answers to the questions below before sharing out to the class. Ms.
K also provided sentence stems to support students in answering the questions and sharing
answers with the class.
• What about our approach was successful? (The aspects of our approach that were

successful were … )
• How does our model accurately reflect the circulatory system? (Our model accurately reflects the circulatory system because … )
• How does our model not accurately reflect the circulatory system? (Some aspects
of our model do not inaccurately reflect the circulatory system because … )
Ms. K used the numbered heads together routine for sharing out. In this routine, Ms. K
assigned each student a number. The students were familiar with this routine and understood
that they would not know who would share out until after the discussion. As such, the group’s
responsibility was to help all students feel prepared to share out. The students also knew that
during share-out time helping the reporter was encouraged, but no reporter was allowed to
pass.
Preparing to write:
n estigati e
enomenon When one of the body’s subsystems is compromised,
it can affect other subsystems and the body as a whole (different students investigate
different systems).

The day following the building of the heart and kidney models, Ms. K began to prepare her
students to write their argument essays. To successfully write this essay, students had to be
able to answer the question, What might happen to the body if one of the body’s organs were
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compromised? Because understanding this issue was so important, Ms. K had planned a series
of scaffolds to support her students.
First, she partnered her students strategically, ensuring that each student at the Emerging
level of English language proficiency (ELP) was partnered with at least one English-proficient
student who spoke the same primary language. She also partnered her other students based
on their individual needs and language ability. For example, she tried to partner her students
who were recently reclassified as fully English proficient with either a native speaker of English
or with a student at the Expanding or Bridging level of English proficiency. Ms. K made sure
to keep her partner pairings flexible over the course of each day, week, and month so that
each student sometimes had the opportunity to be the more knowledgeable or able peer and
sometimes had the opportunity to work with a partner who had more advanced linguistic
and/or content understanding. She also sometimes created groups or pairs, depending upon
the purpose of the task. For her newcomer students, though, she ensured they were with a
partner who would effectively support them with the language demands of all the learning
activities.
Using the Think-Write-Pair-Share routine, Ms. K asked her students to jot down in pairs the
organs and tissues (along with their respective purposes) they had researched and reported
on earlier in the week. She encouraged them to refer to the posters on the walls and the
heart- and kidney-based circulatory system models they had completed. She asked each
student to first think about what they had learned during the week about organs, tissues, and
body systems. She then gave them a minute of think time followed by two minutes of writing
time. While the students were thinking and writing, she checked in with each of her ELs at the
Emerging level of proficiency to make sure they understood the task.
She then put a piece of paper under her document camera and drew four vertical lines
down the paper, creating five vertical columns. She explained that each student would record
his or her own response and use this chart in preparation for writing his or her science
argument essays (see example below). She labeled the first column “Organ or Tissue,”
the second column “Body System,” the third column “Function,” the fourth column “What
happens if it is compromised?” and the fifth column “How might its compromise affect other
subsystems or the whole-body system?” She explained to her students that she would like
them to complete their own tables in their pairs, using their collective knowledge. Ms. K
then modeled the first row for the students. She deliberately chose neither the heart nor
the kidneys as her example. Since the students had studied these organs in more detail, she
wanted students to use their own knowledge of them independently. Instead, she chose the
skin; it was not an entirely new concept for the students because one of the groups presented
on the skin earlier in the week. Ms. K thought aloud as she completed the chart:
s
One of the organs I remember is the skin. The skin is part of the integumentary
system. Let’s all say that together.
e class (Chorally) Integumentary.
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s

I know that this particular organ is made of two layers of tissue called the
dermis and the epidermis. I remember from the presentation earlier this week that
the function of the skin is to protect the body from external damage, to absorb
nutrients, and to regulate temperature. Since we’re just making notes here, I think
it’s okay to use bullet points. So, if the skin protects us and something damages
it, bacteria and chemicals may more easily get inside the body and harm it. For
example, if the bacteria caused an infection, the whole system of the body might be
at risk. In extreme cases, a person’s survival might even be at risk.
As Ms. K thought aloud, she paused periodically to complete an anchor chart students may
refer to during an upcoming writing task.
Organ or
tissue

Body System

Function

What happens
if it is
com romise

How might its
compromise affect
other subsystems
or the whole body
s stem

The skin,
including
the dermis
and the
epidermis

Integumentary
system

• To regulate

It is easier for
chemicals or
bacteria to get
inside the body.

The body might
get an infection,
which could affect
the body’s whole
system. In extreme
cases, it might put
a person’s survival
at risk.

temperature
• To protect the

body from external damage
• To absorb
nutrients

Ms. K asked which organ the class wanted to try next. She instructed students to quickly
turn and talk to a partner. Students shared with one another, and most students said that
they would like to try the heart or the kidney. But some students wanted to try other organs
they had worked with earlier in the week. Ms. K told her students they could continue adding
two to three rows to the chart using the organs or tissues of their choice, but that they had
to negotiate and agree with their partners. She reminded students of the resources they
were regularly encouraged to use to get more information [SEP-8] if they needed it: anchor
charts, word walls, and student-created material on the classroom walls; the four classroom
computers with Internet access and encyclopedia software loaded; each other; and herself,
Ms. K. As students worked on their charts, Ms. K circulated to support students with both their
content understanding and their use of academic and domain-specific vocabulary.
After the students had completed their charts, Ms. K brought the class back together and
asked a series of questions, gradually working toward jointly constructing a statement about
the interconnected relationship of the subsystems of the body.
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Ms. K said, “Think about what you know about organs…What might happen if an organ is
compromised? Please think for a minute, and when you answer I’d like you to use the sentence
frame: If the (organ/tissue) ______ is/are damaged, then _______ might __________. Let
me give you an example. If the skin is damaged, then bacteria might get inside the body and
create an infection.” (Ms. K had prepared this sentence stem on a chart paper so students
would have a visual reminder of how she would like them to respond.) “Please turn and
talk with your partner, take turns thinking of several sentences, and make sure one of you
is comfortable sharing out one sentence.” After about one minute of students taking turns
speaking, Ms. K asked Lakisha to share with the class what she and Jose Luis had discussed.
a is a So, if the heart is damaged, then someone might have a heart attack.
s
Absolutely, that is one result of damage to the heart. When a person has a
heart attack, the heart might become damaged. Can you say more about what
happens to the body if the heart is damaged?
a is a The heart pumps blood through the body and …
ose uis If it gets damaged it might not be able to …
a is a It might not be able to pump the blood it needs to.
s
That sounds reasonable to me. Would another group like to add on to what
Lakisha and Jose Luis have shared?
aria If the heart can’t pump the blood throughout the body …
esenia Circulate!
aria Yeah, if the heart can’t circulate the blood throughout the body, cells don’t get
the stuff they need.
s
Thank you, Yesenia and Maria for using the term “circulate.” I agree, Maria, the
cells don’t get what they need. Let’s try to be more specific about that. What do
cells need? Let’s all think for a moment.
ose
(After a moment …) I think they need oxygen?
s
They do indeed need oxygen. Maria, can you repeat your idea using the word
“oxygen”?
aria Sure. Um, if the heart can’t pump … circulate blood in the body, cells don’t get
the oxygen they need.
s
This is an important piece of information. Let’s write this down together. I’ll write
it under the document camera, and I’d like every one of you to write in your science
notebook. (Writes “If the heart becomes damaged and cannot … ”) What word
should I put here?
Se eral stu ents Circulate!
s
(Writes “ …circulate the blood in the body, then …”) What do you think goes
next? Please turn and talk with your partner. (She gives students a moment to turn
and talk.) Miguel, what do you think?
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iguel Then cells don’t get what they need.
s
(Writes “cells don’t get what they need.”) That is certainly true. Is there a way
we can say this that incorporates more specific terminology?
loria Cells don’t get the oxygen they need.
s
That is more specific, and it includes one of the academic terms we’ve been
using. (Crosses out “what” and adds “the oxygen.”)
Ms. K continued to support her students in understanding and expressing ideas using
both academic and domain-specific language. She guided her students through questioning
and prompting, moving from the heart to the kidneys, to co-construct statements about the
interdependent nature of the subsystems of the body:
• If the heart is damaged and cannot circulate blood throughout the body, cells do

not get the oxygen they require to survive. If cells do not get oxygen, they die. If
cells die, especially cells in important places like the brain, the body can also die.
• If the kidneys are damaged and cannot filter toxins and water from the blood,
those toxins are circulated throughout the body and can damage or kill the cells in
our body. Without oxygen-rich clean blood, our cells cannot survive.
• Each of our organs is made of cells that need to be healthy for the organ to be
healthy. If one of our organs, such as the heart or kidneys, is damaged, it can
affect the health of other organs by damaging their cells. Therefore, the subsystems of the body affect the body as a whole.
Ms. K led her students through an analysis of the language they used to make this
scientific argument [SEP-7] . She drew her students’ attention to the causal “if…then”
statements and terminology such as “therefore.”
To extend the discussion about how damage to one organ can affect the interacting subsystems (organs) in the body, Ms. K asked students to consider situations when the body
can heal itself, as is the case with the flu or a broken bone. Ms. K then asked her students to
think about times when medical technology or another strategy may be helpful to a person
who is deaf or has diabetes. In this example, she prompted her students to think about
sign language to help a person who is deaf to communicate or how insulin can do the job
of the pancreas. To help her students transition into the concepts of systems being made of
subsystems that can, at times, be replaced, Ms. K prompted her students to think of other
systems they know of where one part can be replaced to make the system functional again.
If necessary, she guided students to think about replacing a car battery, a bicycle tire, or
computer keyboard or mouse.
n estigati e
enomenon Humans have two kidneys but can survive with just
one. However, they cannot survive when both kidneys fail. (revisited from earlier)
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Ms. K took her students back to the earlier conversation about the kidneys as one of the
subsystems of the body. She reminded students that humans have two kidneys, but it is
possible to live a healthy life with only one. In the case of kidney failure, an individual can
have the blood artificially cleansed by a dialysis machine that does the work of the kidneys.
In some cases, a person can get a “new” kidney, or a kidney transplant, from a living donor
or from someone who died recently, for example, in an automobile accident. Ms. K explained
the concept of organ transplant and explained that one person can also donate tissues, such
as corneas, skin, bones, ligaments and tendons, and up to eight organs—kidneys, lungs,
heart, liver, and intestine—upon their death. In this way, she explained, each donated organ
can replace the organ that was compromised and the body as a system [CCC-4] can again
function properly.
She asked the students if they know anybody who has received a transplant, is waiting
for a transplant, or was an organ donor. Ms. K asked if any of the students were comfortable
sharing their example and suggested that they discuss this important topic with their parents.
The following day, it was time for students to begin their individual scientific arguments.
With a disproportionate number of people of Hispanic/Latino background on the kidney
transplant waiting list, this topic it important to cover. Researchers are discovering that a
person on the waiting list is more likely to be a “match” with and receive an organ from
someone with a similar ethnic make-up.
After careful observation during each of the phases of the lesson sequence, Ms. K
considered that most of her students were ready to tackle writing an argument [SEP-7] on
their own. She reminded students that they would follow the writing process and would each
have the opportunity to receive feedback from two peers as well as from Ms. K herself, or
another adult, before submitting a final argument. She assigned her students a writing prompt.
If an organ or tissue partially or completely failed, which other subsystem(s) would it
affect, and how might it affect the functioning of the human body as a whole? Choose
a human organ or tissue. Write an essay that explains the effects of the failure of the
organ or tissue that you chose. Be sure to support your discussion with evidence from
classroom discussions, notes, and other appropriate resources.
Ms. K reminded the students who would be writing independently that they had many
resources available: anchor charts and other materials on the walls, the computer, each other,
and her. She encouraged them to use the ideas the class generated together, but emphasized
that they would need to include more details and specificity in their writing. Alternatively, they
could opt to challenge themselves by selecting an organ or tissue that had not been discussed
in class.
Ms. K wanted to provide additional support to the three ELs at an Emerging level of
English proficiency, as well as four of her students who struggle with writing, two of whom are
ELs at the late Expanding level of English proficiency. She pulled these seven students to the
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back of the room and led them through the process of planning their arguments, including
creating a controlling idea and supporting it with evidence [SEP-7] using a causal structure
and vocabulary typical of science arguments [SEP-7] (e.g., because, since, consequently, as
a result, may be due to, this led to, so that, in order to, if … then, for this reason).
Teacher Reflection and Next Steps
Ms. K evaluated the first drafts of her students’ writing so that she could make strategic
decisions about her next steps. She noticed that most of her students seem to understand
the concept of the interactivity of subsystems, but they were a little less clear in their writing
about how damage to an organ can cause cell death. She noted this as an area for further
discussion and inquiry.
She also noticed that some of her ELs were doing well using domain-specific vocabulary
but were having trouble using some general academic terminology. During designated ELD
time, she decided to set up several days of targeted instruction using a seven-step vocabulary
routine on high-leverage Tier 2 words (e.g., indicate, require, react, apply, clarify, etc.).
Resources
The Einstein Project. 2015. Human Body (Middle School). http://www.cde.ca.gov/ci/sc/cf/ch6.
asp#link66
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Introduction to Grades Nine Through Twelve

T

he National Research Council’s A Framework for K–12 Science
Education: Practices, Crosscutting Concepts, and Core Ideas (NRC
Framework) outlined a significant new vision for science education.

The California Next Generation Science Standards (CA NGSS), aided by the
Science Framework for California Public Schools: Kindergarten Through
Grade Twelve (CA Science Framework), are the first step toward translating
that vision into practice.
Before schools and districts can fully implement the CA NGSS, they
must organize the high school grade-banded performance expectations into
courses. This chapter describes ways in which the performance expectations
for high school could be bundled together into instructional segments to
form an appropriate sequence of courses. This chapter describes one of
two high school course sequences: the High School Three-Course Model.
The High School Four-Course Model is described in chapter 8. Additionally,
appendix 4 of this framework outlines an integrated three-year high school
model called Every Science, Every Year.

High School Three-Course Model Introduction
The three-course model combines all high school performance
expectations into three courses. To highlight the nature of Earth and space
science (ESS) as an interdisciplinary pursuit with crucial importance in
California, each of the three courses presents an integration of ESS and one
of the other high school domains. In each course, the integration adds value
to both domains in the pair, with each providing an engaging motivation
for and a deeper insight into the other. ESS phenomena can serve as an
engaging motivation for studying the other domains while understanding
of each domain provides deeper insight into processes in ESS. The three
courses have been explicitly titled to emphasize this synergy:
•

Living Earth: Integrating Biology and Earth Science

•

Chemistry in the Earth System: Integrating Chemistry and Earth
Science

•

Physics of the Universe: Integrating Physics and Earth and Space Science
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This model is based on the Modified Science Domains model presented in appendix K
of the NGSS. The choice of which ESS performance expectations would be included with
biology, chemistry, and physics courses was based on their conceptual fit. Individual districts
can integrate performance expectations between courses differently as long as they strive to
ensure that all students meet all the standards.

Organization Within Courses
The performance expectations are the expected outcomes resulting from a sequence
of instructional segments (IS) that reinforce one another as students develop the
underlying knowledge of each topic. Individual performance expectations should not
be used to develop individual lessons or activities, as they are insufficient to specify the
full organization of a coherent curriculum. Rather, a bundle of selected performance
expectations provides the breadth and depth required to address the key content ideas that
students need. Performance expectations within each course in this framework are therefore
bundled into instructional segments, and an effort is made to provide an expanded
description of the science concepts indicated in the disciplinary core ideas (DCIs) that
underlie the specific set of performance expectations. Furthermore, the clarification
statements and assessment boundaries associated with the performance expectations in
the bundle are used to suggest student investigations aligned with the vision of threedimensional learning: students engage in science and engineering practices (SEPs) to
learn DCIs that are understood better when linked together by crosscutting concepts
(CCCs) . The SEPs, DCIs, and CCCs grow in sophistication and complexity throughout the

K–12 sequence. While this framework calls out examples of the three dimensions in the
text using color-coding, each element should be interpreted with this grade-appropriate
complexity in mind (appendix 1 of this framework clarifies the expectations at each grade
span in the developmental progression).
This framework provides examples and suggestions; it does not dictate requirements.
The selections of performance expectations in each instructional segment bundle
presented in this chapter are only one example of the way performance expectations
could be coherently organized. There are a variety of possible alternative paths and
different interplays among overarching themes identified in each instructional segment
bundle. Educators should consider their local context as they reflect upon these examples.
Instructional sequences are most effective when they are designed to meet the needs of the
specific students who will be participating in them.
The teaching of science and engineering content should be integrated with the teaching
772

Chapter 7

2016 California Science Framework

High School Three-Course Model
of the practices of scientists and engineers. It is through the integration of content and
practices “that science begins to make sense and allows students to apply the material”
(NGSS Lead States 2013c). The CA NGSS encourage teachers and students to engage with
specific topics in depth, emphasizing critical thinking along with primary investigations such
as in the context of case studies.

Essential Shifts in the CA NGSS
A cursory review of the CA NGSS performance expectations and the 1998 California
Science Standards reveals a significant change in emphasis. With the exception of the
Investigation and Experimentation standards, all of the standards in the 1998 California
Science Standards start with the phrase “Students will know…” By contrast, the performance
expectations of the CA NGSS emphasize higher level reasoning through phrases directly
linked to the eight SEPs such as: plan and conduct … , develop models … , communicate
… , support the claim … , etc. Although the number of performance expectations in the CA
NGSS is smaller than the number of standards in the 1998 Science Standards, performance
expectations require a deeper understanding. It is critical that teachers look at the verbs
embedded in each performance expectation to understand what students are expected to
do. It is no longer sufficient for students to simply “know” facts about science, they need
to be able to apply science and engineering practices to uncover and elucidate crosscutting
concepts that have applications across many disciplinary core ideas. In addition to this
framework, the NGSS evidence statements offer a concise overview of the pieces that
students must know and be able to do in order to meet the performance expectations.

All Standards, All Students
The CA NGSS high school performance expectations are the assessable statements
of what all students should know and be able to do by the end of grade twelve. In other
words, the performance expectations represent the minimal assessable standards for which
all high school students should be held accountable. Each of the performance expectations
has assessment boundaries to guide those who construct standardized assessments. Thus,
the performance expectations set a minimum goal, and high school science teachers should
include additional expectations as appropriate for the goals of their courses. Teachers
should pay close attention to the DCIs, SEPs, and CCCs and develop each to the depth
appropriate for the goals of their class using the resources in the CA NGSS appendixes.

Course-Sequencing Discussion
California’s high schools operate largely under local control. As such, course offerings and
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the order in which courses are offered for high school science are local education agency
(LEA) decisions. As a result, this framework prescribes neither the courses to be offered nor
the order in which they are offered. Instead, LEAs may consider multiple course sequences.
The proposed Every Science, Every Year integrated model (appendix 4 of this framework)
has a set sequence but the four-course discipline specific and three-course integrated Earth
and space science models do not.
As decision makers, LEAs have several factors to consider when deciding what will best
meet their students’ needs. They should try not to let tradition and staffing be the only
factors they consider as they make these choices. Since students learn the same eight SEPs
and seven CCCs in all science classes, we are focusing on DCIs in this discussion.
The order in which high school science courses have traditionally been offered—
biology, chemistry, and then physics—has been in place for more than 100 years since the
Committee of Ten first met. In our twenty-first century world, this may not make the most
sense. As LEAs decide among the twenty-four permutations for course sequence in the fourcourse model and six possibilities for the three-course model, they need to be thoughtful
about their choices and consider carefully the implications of the selected sequence. Strong
arguments can be made for any of the sequences.
The questions and prompts below are meant to help LEAs with the decision:
•

Is the goal to get students to take more science and science, technology, engineering,
and math (STEM) classes? If so, consider placing the most engaging and exciting
classes as the first courses in the sequence. This may recruit more students into STEM
and science classes (and possibly STEM-related careers and college majors).

•

What course(s) are viewed as most important to the community? Put those classes
first because some percentage of students will take the minimum requirements for
graduation.

•

How many science classes are students in the LEA required to take in order to
graduate? How many science classes do students in the LEA typically take? What
science concepts and ideas does the LEA want to be sure that all students have if they
do not take the full scope of the CA NGSS? These questions all have implications for
choosing which classes (and ideas) come earliest.

•

What science ideas does the LEA think juniors and seniors are more developmentally
ready to learn than freshmen and sophomores?

•

What concepts and ideas does the LEA think are more concrete so should be placed
earlier in the sequence, with more abstract ideas coming later in the learning process?
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•

As the LEA considers individual discipline focused classes, they should look at the
performance expectations. Should some performance expectations from other domains
be mastered for students to be successful in a particular course? If so, that has
implications for sequencing.

The decision LEAs are being asked to make is not trivial. Therefore, LEAs should spend
time on the decision and consult with their science teachers. Ultimately, the LEA needs
to determine a two-, three-, or four-year sequence of course offerings. Whichever course
sequence is selected, the LEA needs to consider the learning that takes place in earlier
classes that will support and impact learning that comes later. The purpose of science
classes is not merely to prepare students for other courses, but to demonstrate that courses
are interconnected and that disciplines overlap (think about those crosscutting concepts
which underpin all of science). Ideas and concepts learned in one content area come
into play when learning a new science discipline. These should be considered as the LEA
determines in what order to place courses.

Living Earth Early or Late in the Sequence?
There are several good arguments for placing biology early in the sequence: (1) biology
has a better track record of interesting girls in science (AAUW 2010; Baram-Tsabari and
Yarden 2011); (2) some teachers are more comfortable with its earlier placement in
the sequence; and (3) students are generally interested in themselves, so a course that
helps them understand themselves could be a good starting point. However, modern
biology requires understanding and applying chemistry and physics, and much of biology
today explores and explains things at the molecular or cellular level. Therefore, the LEA
should consider the following question: How could topics in high school biology be taught
differently if chemistry, for example, were taken prior to biology as opposed to afterwards?

Chemistry in the Earth System Early or Late in the Sequence?
As mentioned above, modern biology is heavily influenced by chemistry. Therefore,
having chemistry prior to biology may be instructionally efficient. For example, concepts
already studied in a chemistry class should require less emphasis and subsequently less
time leaving room for more in-depth biology concepts. On the other hand, chemistry is more
abstract than biology, dealing with phenomena unseen to the naked eye and frequently
not intuitive to students. Knowing the students and community will help the LEA decide if
students can handle the more abstract science ideas earlier in their academic career. An
understanding of physics prior to chemistry could help students better understand atomic
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structure, electron shells and orbitals, and bonding. Just as comfort with mathematics is
an argument used for determining where physics should be offered, it can be argued that
chemistry also requires a level of mathematical competence.

Physics of the Universe Early or Late in the Sequence?
Physics has traditionally been offered late in the sequence to a small population of
students. Many argue having physics later in the course sequence allows concepts to be
introduced through a more mathematically rigorous lens. Others argue having physics
earlier in the sequence is approachable to students as the concepts are concrete and
relate to students’ everyday lives. Physics prior to chemistry means students bring an
understanding of the mechanisms for much of the physical world to their studies. Physics
after chemistry allows the opportunity to revisit ideas learned earlier. Physics early in
the sequence, taken by all students, might attract more students to pursue the physical
sciences—especially girls and underrepresented populations who traditionally avoid the
physical sciences (Institute of Physics 2006).

Credential Information
The California Commission on Teacher Credentialing authorizes the majority of high
school science teachers to teach courses that integrate the sciences across content areas.
(See the California Commission on Teacher Credentialing, Specialized Single Subject Science
Credentials and Alignment with the CA NGSS at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link1.)
This includes course models that integrate Earth and space science with the domains
of biology, chemistry, or physics. While many teachers will need additional professional
learning, their understanding of the SEPs and CCCs should provide them with a firm
foundation to teach courses in this sequence. For specific information, contact the California
Commission on Teacher Credentialing at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link2 for
questions about authorization to teach integrated courses.
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The Living Earth: Integrating Biology and Earth Science
The interactions between the biosphere and the rest of Earth’s systems influence
students every day, from the food that they eat to the air they breathe. In high school,
students finally have enough understanding to explain patterns that they identified and
asked questions about during their K–8 education. Some of these mechanisms occur in the
blink of an eye while others take millions of years to unfold. Despite the extreme variability
in scale, students have tools to use evidence, evaluate claims, and develop models to
interpret the unseen. Students begin with phenomena and use them to enhance their
understanding of core ideas in biological science and Earth and space sciences.
The CA NGSS do not specify which phenomena to explore or the order to address topics
because phenomena need to be relevant to the students who live in each community and
should flow in an authentic manner. This chapter illustrates one possible set of phenomena
that will help students achieve the CA NGSS performance expectations. Many of the
phenomena selected illustrate California’s Environmental Principles and Concepts (EP&Cs),
which are an essential part of the CA NGSS (see chapter 1 of this framework). However,
the phenomena chosen for this statewide document will not be ideal for every classroom
in a state as large and diverse as California. Teachers are therefore encouraged to select
phenomena that will engage their students and use this chapter’s examples as inspiration for
designing their own instructional sequence. For example, the course could be restructured
around contemporary issues of health or ecosystem change faced by a local community.
This example course is divided into instructional segments centered on questions about
observations of a specific phenomenon. Different phenomena require different amounts
of investigation to explore and understand, so each instructional segment should take a
different fraction of the school year. As students achieve the performance expectations
within the instructional segment, they uncover DCIs from life science and engineering.
Students engage in multiple practices in each instructional segment, not only those explicitly
indicated in the performance expectations. Students also focus on one or two CCCs as tools
to make sense of their observations and investigations; the CCCs are recurring themes in all
disciplines of science and engineering and help tie these seemingly disparate fields together.
This chapter clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction
to science, serves as a senior capstone that integrates and applies science learning from
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all previous science courses, or aligns with the expectations of Advanced Placement or
International Baccalaureate curriculum.

Example Course Mapping for an Integrated Life and Earth Science Course
This section presents the life science and selected Earth science CA NGSS performance
expectations organized into six embedded instructional segments (table 7.1). The sequence
presented here spirals in scale (figure 7.1), starting with ecosystems as a whole (looking
at both living and nonliving components), progressing into connections within ecosystems
describing the cycling of matter in two important life processes: photosynthesis and
respiration while also emphasizing the nonliving parts of these cycles. Then the course
moves into evolution (in which evidence is based in both living and nonliving systems)
and then links evolution to the study of heredity. From there the course zooms in more
(progressing to smaller scales) to what defines characteristics of life from the cell to
multicellular organisms. The course ends by coming back full circle to ecosystems and
the impacts that humans have on them especially in relationship to climate change. A
culminating project for this course should present a synthesis of how life on Earth is
dependent on both biotic and abiotic factors.
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Table 7.1. Overview of Instructional Segments for High School Three-Course
Model Living Earth

1

Ecosystem Interactions and Energy
Students use mathematical and computer models to
determine the factors that affect the size and diversity of
populations in ecosystems, including the availability of resources
and interactions between organisms.

2

History of Earth’s Atmosphere: Photosynthesis
and Respiration
Students make a model that links photosynthesis and respiration in
organisms to cycles of energy and matter in the Earth system. They
gather evidence about the linked history of Earth’s biosphere and
atmosphere.

3

Evidence of Evolution
Students develop a model about how rock layers record
evidence of evolution as fossils. Building on their learning from
previous grades, they focus on effectively communicating this
evidence and relating it to principles of natural selection.

4

Inheritance of Traits
Students develop explanations about the specific
mechanisms that enable parents to pass traits on to their
offspring. They make claims about which processes give rise to
variation in deoxyribonucleic acid (DNA) codes and calculate the
probability that offspring will inherit traits from their parents.

5

Structure, Function, and Growth
(from cells to organisms)
Students use models to create explanations of how cells use
DNA to construct proteins, build biomass, reproduce, and create
complex multicellular organisms. They investigate how these
organisms maintain stability.

6

Ecosystem Stability & the Response
to Climate Change
Students use computer models to investigate how Earth’s systems
respond to changes, including climate change. They make specific
forecasts and design solutions to mitigate the impacts of these
changes on the biosphere.

Sources: Savery 1628; adapted from Caulfield 2012; Grant 2010; adapted from Rafandalucia 2016;
adapted from Castro 2008; Peters 2007; adapted from d’Alessio 2013
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Figure 7.1. Conceptual Flow of Instructional Segments in Example High School
Three-Course Model Living Earth

Ecosystems

Earth’s
Atmosphere:
Photosynthesis &
Respiration

Climate Change &
Ecosystem Dynamics

3 course model

The Living Earth
Inheritance &
Variation in Traits
Fossil Evidence &
Plate Tectonics

Evolution

Structure & Function:
Cells to Organisms

Sources: Savery 1628; adapted from Caulfield 2012; M. d’Alessio using image from Tkgd2007 2008;
Grant 2010; adapted from Rafandalucia 2016; adapted from Castro 2008; Peters 2007; adapted
from d’Alessio 2013
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Living Earth Instructional Segment 1:
Ecosystem Interactions and Energy
An ecosystem is a biological system, and the first instructional segment (IS1)
begins with a systems-based approach to ecosystems. Students focus on both biotic and
abiotic conditions in a way that integrates life science and Earth and space science DCIs.
LIVING EARTH INSTRUCTIONAL SEGMENT 1:
ECOSYSTEM INTERACTIONS AND ENERGY
Guiding Questions
• What factors affect the size of populations within an ecosystem?
• What are common threats to remaining natural ecosystems and biodiversity? How can these
threats be reduced?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-1. Use mathematical and/or computational representations to support explanations of
factors that affect carrying capacity of ecosystems at different scales. [Clarification Statement:
Emphasis is on quantitative analysis and comparison of the relationships among interdependent
factors including boundaries, resources, climate, and competition. Examples of mathematical
comparisons could include graphs, charts, histograms, and population changes gathered from
simulations or historical data sets.] [Assessment Boundary: Assessment does not include
deriving mathematical equations to make comparisons.]
HS-LS2-2. Use mathematical representations to support and revise explanations based on
evidence about factors affecting biodiversity and populations in ecosystems of different scales.
[Clarification Statement: Examples of mathematical representations include finding the average,
determining trends, and using graphical comparisons of multiple sets of data.] [Assessment
Boundary: Assessment is limited to provided data.]
HS-LS2-4. Use mathematical representations to support claims for the cycling of matter and flow
of energy among organisms in an ecosystem. [Clarification Statement: Emphasis is on using a
mathematical model of stored energy in biomass to describe the transfer of energy from one
trophic level to another and that matter and energy are conserved as matter cycles and energy
flows through ecosystems. Emphasis is on atoms and molecules such as carbon, oxygen,
hydrogen and nitrogen being conserved as they move through an ecosystem.] [Assessment
Boundary: Assessment is limited to proportional reasoning to describe the cycling of matter and
flow of energy.]
HS-LS2-8. Evaluate the evidence for the role of group behavior on individual and species’ chances
to survive and reproduce. [Clarification Statement: Emphasis is on: (1) distinguishing between
group and individual behavior, (2) identifying evidence supporting the outcomes of group
behavior, and (3) developing logical and reasonable arguments based on evidence. Examples of
group behaviors could include flocking, schooling, herding, and cooperative behaviors such as
hunting, migrating, and swarming.]
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HIGH SCHOOL THREE-COURSE MODEL LIVING EARTH INSTRUCTIONAL
SEGMENT 1: ECOSYSTEM INTERACTIONS AND ENERGY
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-5] Using Mathematics
and Computational Thinking

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

[CCC-3] Scale, Proportion, and
Quantity

[SEP-7] Engaging in
Argument from Evidence

LS2.D: Social Interactions
and Group Behavior

[CCC-4] Systems and System
Models
[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: N-Q.1–3; S-ID.1; S-IC.1, 6; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.9–10.8; RST.11–12.1, 7, 8; WHST.9–12.2a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

A system [CCC-4] includes component parts, interactions between those parts, and
exchanges of energy and matter [CCC-5] to the world outside the system. Ecosystems
contain living and non-living components that influence one another. In a way, an ecosystem
is a microcosm of the entire Earth, with components that are so complicated it is often
referred to as a system of systems. To help organize thinking about these sub-systems,
scientists have divided up Earth materials and processes into five general groupings, each
of which is shaped by its own internal workings and its interactions with the other systems
[CCC-4] :
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•

Atmosphere: gases around the Earth (i.e., our air)

•

Hydrosphere: all the water (sometimes ice is separated out into the cryosphere)

•

Biosphere: all life
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•

Geosphere: inorganic rocks and minerals

•

Anthrosphere: humanity and all of its creations (This sphere is not specifically
mentioned in the NRC Framework [2012] because it is primarily part of the biosphere.
Separating this sphere out emphasizes the significant influences humans have on the
rest of Earth’s systems and is consistent with California’s EP&Cs).

This course centers on the biosphere and examines how it interacts with each of the
other Earth systems. Teachers can introduce the biosphere by taking students to local
ecosystems (either physically or virtually) to observe populations of plants and animals, to
identify specific threats to biodiversity, and to consider alternative proposals to lessen those
impacts. This local context can be a thread throughout the course.
Systems [CCC-4] are characterized by the flow of energy and cycling of matter [CCC-5]

between their components. In the middle grades, students constructed models of these
flows (MS-LS2-3), analyzed data about resource availability within a system (MS-LS2-1), and
explained patterns in the way organisms interact (MS-LS2-2). This instructional segment
builds on that understanding by using more detailed mathematical models [SEP-2] of
ecosystems, including the sizes of different populations. Biologists use a specific definition
of population: a group of individuals from the same species living together in the same
geographical area at the same time.
Using mathematical and computational thinking [SEP-5] and modeling [SEP-2] ,
students can predict the effect certain interdependent factors have on the size of a
population over time. The number of individuals within a population depends on birth
rates, death rates, immigration, and emigration. Population growth rate is defined as the
change in numbers of individuals ( N) divided by time ( t).

hile some populations grow

very quickly, populations cannot continue to grow exponentially forever. At some point they
reach a maximum load that the environment they live in can support, called the carrying
capacity. Students can use computer simulations1 to conduct investigations [SEP-3] that
test how different parameters change [CCC-7] population sizes, and then analyze their
findings [SEP-4] (HS-LS2-1). Graphing their results, they can describe the population

changes mathematically [SEP-5] (HS-LS2-2). Initially growth will be exponential,
but students should be able to recognize the point on the graph where competition for
resources begins to dramatically impact the population size.

1. There are many simulation/games available online that allow students to manipulate certain parameters that affect
populations, example might be food resources or overcrowding.
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Students can use simulations to recognize two general types of factors that limit
population growth: Density-dependent factors and density-independent factors. Many
factors are density dependent, such as food resources, space, nesting sites, and water,
meaning that the amount of these resources required depends on the population size.
Density-independent factors alter the number of individuals in a population regardless of
how many individuals already exist. Instructional segment 1 focuses on density-dependent
factors while IS6 introduces density-independent factors that often relate to interactions
with other parts of the Earth system, such as weather pattern changes or catastrophic
events like hurricanes, floods, landslides, volcanoes, etc. Nonetheless, introducing these two
categories together can help students understand how proportion and quantity [CCC-3]
are essential to describing density-dependent cases but not relevant in density-independent
cases. Both density-dependent and density-independent factors affect the flow of energy
and matter [CCC-5] within and into a system, which is ultimately the way in which

they affect [CCC-2] the sizes of populations.
Many times, humans alter the availability of resources and change the landscape. For
example, if a new freeway is built dividing a population’s territory in half and limiting its
migration, how will this cause both density-dependent and density-independent changes
to the ecosystem? Human-induced changes to climate also cause changes to ecosystems.
The Education and the Environment Initiative (EEI) Curriculum unit Ecosystem Change
in California, which focuses on changes in a grassland ecosystem in the state provides
guidance teaching EP&Cs II and IV as students obtain information about both the positive
and negative ways humans influence ecosystem resources.
One of the resources organisms compete for is the food from which they obtain their
energy. Organisms store potential energy within the chemical bonds of the matter in
their bodies. As individual organisms grow and when populations become more plentiful,
more total energy is stored. Biomass is the dry weight of all of the living organisms in
an ecosystem and is related to the amount of energy available for these organisms. As a
general rule, when an animal eats, it is only able to store about 10 percent of the energy
from its food to build up its own energy stores. The rest of the energy is lost due to
inefficient digestive processes or used in respiration to keep the animal alive long enough
to eat again. As a result, each higher trophic level ends up with available energy that is just
10 percent the size of the level below it, creating a pyramid-like structure in population sizes
with the lowest trophic levels at the base of the pyramid.
Using the conceptual model [SEP-2] of this energy pyramid, students find that very
large populations of producers are required to support much smaller populations of tertiary
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consumers for the ecosystem to remain stable [CCC-7] . Mathematical models [SEP-2]
use this principle to predict the size of a predator population given known populations of
prey at other trophic levels. Students can explore many computer simulations and hands-on
demonstrations so that they are able to support claims about the relative amounts of energy
in different trophic levels (HS-LS2-4).
Energy flows from abiotic (nonliving forms) to biotic (living) forms, starting with
sunlight or other light sources and inorganic compounds in producers and moving through
consumers and decomposers. Nutrients (matter) cycle in the same manner. They can exist
in forms that are largely abiotic, such as carbon dioxide (CO2) and nitrogen (N2), and move
into living organisms (biotic) in a different form such as glucose (C6H12O6) or starch (many
joined glucoses) and nitrates (NO3-). The movement from abiotic to biotic molecular forms
involves living processes. For carbon (figure 7.2), these processes are photosynthesis
and cellular respiration (discussed in IS2). For nitrogen, nitrogen-fixing bacteria change
nitrogen gas into nitrates while bacterial decomposers change ammonia and nitrates back
into nitrogen. In some cases, abiotic processes can do a similar job. When a lightning
bolt travels through the atmosphere, its energy can break apart molecules of nitrogen in
the air; free nitrogen atoms bond with oxygen to create nitrate that gets carried to the
soil by raindrops. Other nutrients are involved in similar cycles (such as the phosphorous
cycle as it relates to DNA or how climate change alters the calcium cycle and therefore
affects hard-shelled marine organisms). Students can develop models [SEP-2] on paper,
with technology, using their body moving around the room to represent the flow through
different processes, or as a chemical model using organic chemistry molecule kits. The
models show how simple inorganic molecules are made into larger organic molecules and
then how they cycle back to the simple inorganic molecules.
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Figure 7.2. The Carbon Cycle includes Biotic and Abiotic Processes

Source: WGBH n.d.

While carbon and nitrogen are essential nutrients, toxic material also cycles through the
ecosystem. Humans are major sources of disruptions to nutrient cycles, including adding
toxins. Students can obtain information [SEP-8] about how mercury accumulates in
certain fish species and learn about the impacts this can have on human health. Human
activities such as operating coal power plants have added significant amounts of mercury to
the environment (EP&Cs III and IV).
Up to this point, this instructional segment has considered how flow of energy and
matter [CCC-5] moves between populations in an ecosystem and how that flow helps

determine the size of a given population. Now, students zoom in and see how each
population itself acts like a system [CCC-4] with interacting members. Students will look
closely at the specific behaviors of populations that help those populations survive (HS-LS28). For a population to succeed and not become a genetic dead end, the gene pool (the
set of all the different genes) of the population must be passed on to the next generation.
Producing a new generation of healthy offspring capable of successful reproduction is
important for a population’s survival.
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High School Three-Course Model Living Earth Snapshot 7.1:
Does Living as a Group or Individual Help You Survive?
Anchoring phenomenon: Prairie dogs squeak and communicate to one another
as they work together to fight off a snake that intrudes into their colony.

Mr. T started class showing a short video clip on prairie dogs and how they
sound alarms to protect their family units against snakes (for example,
NatGeoWild, Prairie Dog Snake Alarm: http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link3). He then asked the students to do a quickwrite on what behavior
the prairie dogs used to protect themselves and how that behavior helped their family.
Later, the students played a game that was actually a physical model [SEP-2] of
individual and group behavior. Students used their bodies to represent components in
a system [CCC-4] with a predator-prey relationship. He needed an even number of
students as prey; since Mr. T had 30 students, he designated two students to act as
predators, leaving 28 students to act as prey. Mr. T randomly handed each prey a white
index card that had a color code on it, with each color representing a different genotype.
Mr. T set up the cards ahead of time so that there were four cards for each color (i.e., four
blue cards, four yellow cards, four green cards, four red cards, etc.).
For the first round (prey living as individuals) the predators and prey did not have
knowledge about the individual’s genetics (in other words they did not know who was
genetically related to whom). Mr. T instructed the 28 prey to randomly wander around
the open area and after one minute he signaled the predators to attack. The predators
then tagged a prey. That individual stepped out of the group and the rest of the students
continued wandering; again Mr. T signaled for attack and again each predator tagged
an individual who dropped out of the group. After seven attacks, half the prey (14
individuals) had been tagged. At that point, a recorder tallied all the colors left on a
shared class spreadsheet showing how many of each genotype survived (for example, 0
blue, one yellow, etc.).
Then Mr. T assigned two different students to act as predators and told them to go sit
in the corner and hide their eyes while he redistributed the index cards to the remaining
28 students who were again the prey. This time he told the prey students to quietly
(so the predators don’t know) find the other students who shared their color. These
four students had the same genotypes and represented a kin group. The second round
(altruistic prey in groups) began. Since Mr. T had a big open area, he blindfolded the
predators. This was so they would not know about genotypes and relatives within the prey
groups. The group units now randomly wandered in the space and again Mr. T signaled
the predators to attack. Each kin group could surround an individual so that when they
were tagged the individual prey was saved and did not get eliminated. Each genotype/
color group received only one save in this round, after that save had been used, anyone
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High School Three-Course Model Living Earth Snapshot 7.1:
Does Living as a Group or Individual Help You Survive?
in the group who was tagged again, was eliminated. This rule is designed to simulate
the cost to benefit ratio of altruism. Saving a member of your group incurs an individual
cost because it means your group will not be able to save you during the next attack.
The benefit is that the group to which you belong is more likely to survive as a whole.
The game continued for a total of seven attacks. This time there were fewer than 14
individuals eliminated because some individuals were saved by the herding effect of
their group. Then a recorder used the shared class spreadsheet to tally the number of
individuals left in each color group.
Mr. T reassigned the roles of each student (picking new predators and shuffling the
genotype cards) to prevent learning by predators. The class enacted each scenario one
more time.
After the class completed the four rounds of the game, Mr. T had the students look at
the whole class data that had been recorded. He defined the terms individual fitness (your
ability to pass on your genes) and inclusive fitness (your individual fitness plus indirect
fitness when you belong to a group that herds to save individuals). Mr. T then asked the
students to use these terms to describe the similarities and differences they saw between
the two scenarios and explain [SEP-6] how inclusive behavior (group behavior) could be
advantageous for some populations (HS-LS2-8). Mr. T wanted the students to specifically
address what the action of saving an individual meant in the altruistic group scenario.
Students were expected to use examples of animals that they knew that used inclusive
fitness behaviors. The students talked about the prairie dogs (as in the video), dolphin
pods, rabbit colonies, bird flocks, monkey troops, and other social, family, or group
behavior. Mr. T ended class with a video clip showing how water buffalo work as a group
to counter-attack lions that have surrounded an individual water buffalo (for example,
NatGeoWild, Buffalo Herd Counter Attack: http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link4).
What was the individual fitness of the animal being attacked? How does its fitness change
because of the behavior of the group?

The rest of this course zooms in to explain many of the mechanisms that drive
the processes described in this instructional segment. At the end of the course (IS6),
students will return to ecosystems and human impacts to revisit their models and address
more complex ecosystem interactions. As preparation, IS1 can introduce the idea that
urbanization, the building of dams, and dissemination of invasive species are active parts
of the flow of energy and cycling of matter [CCC-5] within almost all ecosystems, even
those that appear relatively undisturbed (EP&Cs II, IV).
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Living Earth Instructional Segment 2:
History of Earth’s Atmosphere: Photosynthesis and Respiration
In the middle grades, students explained the role photosynthesis plays in cycling
of matter by the production of sugars (food) using light energy and carbon dioxide (MS-LS1-6),
and developed a model of how food molecules can be rearranged to extract usable energy
(MS-LS1-7). They also are already familiar with cycles of matter within a system from
their investigation of the water cycle (5-LS2-1, MS-ESS2-4). In this instructional segment,
students explore the cycling of matter [CCC-5] between the biosphere and the rest of
Earth’s systems [CCC-4] .

LIVING EARTH INSTRUCTIONAL SEGMENT 2:
EARTH’S ATMOSPHERE: PHOTOSYNTHESIS AND RESPIRATION
Guiding Questions
• How do living things acquire energy and matter for life?
• How do organisms store energy?
• How are photosynthesis and cellular respiration connected?
• How do organisms use the raw materials they ingest from the environment?
• How has the cycling of energy and matter changed over Earth’s history?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS1-5. Use a model to illustrate how photosynthesis transforms light energy into stored
chemical energy. [Clarification Statement: Emphasis is on illustrating inputs and outputs of
matter and the transfer and transformation of energy in photosynthesis by plants and other
photosynthesizing organisms. Examples of models could include diagrams, chemical equations,
and conceptual models.] [Assessment Boundary: Assessment does not include specific
biochemical steps.]
HS-LS1-6. Construct and revise an explanation based on evidence for how carbon, hydrogen,
and oxygen from sugar molecules may combine with other elements to form amino acids and/
or other large carbon-based molecules. [Clarification Statement: Emphasis is on using evidence
from models and simulations to support explanations.] [Assessment Boundary: Assessment does
not include the details of the specific chemical reactions or identification of macromolecules.]
HS-LS1-7. Use a model to illustrate that cellular respiration is a chemical process whereby the
bonds of food molecules and oxygen molecules are broken and the bonds in new compounds
are formed resulting in a net transfer of energy. [Clarification Statement: Emphasis is on the
conceptual understanding of the inputs and outputs of the process of cellular respiration.]
[Assessment Boundary: Assessment should not include identification of the steps or specific
processes involved in cellular respiration.]
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LIVING EARTH INSTRUCTIONAL SEGMENT 2:
EARTH’S ATMOSPHERE: PHOTOSYNTHESIS AND RESPIRATION
HS-LS2-3. Construct and revise an explanation based on evidence for the cycling of matter
and flow of energy in aerobic and anaerobic conditions. [Clarification Statement: Emphasis
is on conceptual understanding of the role of aerobic and anaerobic respiration in different
environments.] [Assessment Boundary: Assessment does not include the specific chemical
processes of either aerobic or anaerobic respiration.]
HS-LS2-5. Develop a model to illustrate the role of photosynthesis and cellular respiration
in the cycling of carbon among the biosphere, atmosphere, hydrosphere, and geosphere.
[Clarification Statement: Examples of models could include simulations and mathematical
models.] [Assessment Boundary: Assessment does not include the specific chemical steps of
photosynthesis and respiration.]
HS-ESS1-6. Apply scientific reasoning and evidence from ancient Earth materials, meteorites,
and other planetary surfaces to construct an account of Earth’s formation and early history.
[Clarification Statement: Emphasis is on using available evidence within the solar system to
reconstruct the early history of Earth, which formed along with the rest of the solar system 4.6
billion years ago. Examples of evidence include the absolute ages of ancient materials (obtained
by radiometric dating of meteorites, moon rocks, and Earth’s oldest minerals), the sizes and
compositions of solar system objects, and the impact cratering record of planetary surfaces.]
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the
hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: The carbon
cycle is a property of the Earth system that arises from interactions among the
hydrosphere, atmosphere, geosphere, and biosphere. (CA) Emphasis is on modeling
biogeochemical cycles that include the cycling of carbon through the ocean, atmosphere, soil, and
biosphere (including humans), providing the foundation for living organisms.]
HS-ESS2-7. Construct an argument based on evidence about the simultaneous coevolution of
Earth’s systems and life on Earth. [Clarification Statement: Emphasis is on the dynamic causes,
effects, and feedbacks between the biosphere and Earth’s other systems, whereby geoscience
factors control the evolution of life, which in turn continuously alters Earth’s surface. Examples
of include how photosynthetic life altered the atmosphere through the production of oxygen,
which in turn increased weathering rates and allowed for the evolution of animal life; how
microbial life on land increased the formation of soil, which in turn allowed for the evolution
of land plants; or how the evolution of corals created reefs that altered patterns of erosion
and deposition along coastlines and provided habitats for the evolution of new life forms.]
[Assessment Boundary: Assessment does not include a comprehensive understanding of the
mechanisms of how the biosphere interacts with all of Earth’s other systems.]
HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity.* [Clarification
Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere,
cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human
activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic
biomass on land and an increase in ocean acidification, with resulting impacts on sea organism
health and marine populations.] [Assessment Boundary: Assessment does not include running
computational representations but is limited to using the published results of scientific
computational models.] (Introduced but not fully assessed until IS6)
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LIVING EARTH INSTRUCTIONAL SEGMENT 2:
EARTH’S ATMOSPHERE: PHOTOSYNTHESIS AND RESPIRATION
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.C: Organization for Matter
and Energy Flow in Organisms

[CCC-1] Patterns

[SEP-5] Using Mathematics
and Computational Thinking

LS2.B: Cycles of Matter and
Energy Transfer in Ecosystems

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

PS1.C: Nuclear Processes

[SEP-7] Engaging in
Argument from Evidence

ESS2.E: Biogeology

PS3.D: Energy in Chemical
Processes
ESS2.D: Weather and Climate

[CCC-4] Systems and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation
[CCC-7] Stability and
Change

ESS3.D: Global Climate Change

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: N-Q.1–3; F.IF.5; S-ID.6.a–c; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1; WHST.9–12.2a–e, 5, 8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students can consider the phenomenon of a sealed glass sphere that supports the
survival and growth of both algae and brine shrimp (figure 7.3 left). How do they survive
without air flowing in? On a more advanced level, they can observe how the global
atmospheric CO2 concentrations on Earth follow a distinctive pattern [CCC-1] each year
(figure 7.3, right; because there is more land in the northern hemisphere and therefore more
respiration during the growing season of the northern hemisphere summer). They should be
able to explain and model each of these processes by the end of this instructional segment.
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Figure 7.3. Phenomena Illustrating Relationship Between Photosynthesis and Respiration

A sealed sphere that supports survival of both brine shrimp and algae (left). CO2 levels are highest
in June each year and cycle annually (right). Source: Ecosphere Associates Inc. 2013 and National
Oceanic and Atmospheric Administration (NOAA) 2016b

All living organisms need energy, and high school students further refine an understanding
that began in elementary school when they first traced energy in ecosystems back to plants
and the Sun. Photosynthesis by producers involves two interdependent cellular processes:
capturing sunlight/light energy by chloroplasts and using that energy to fix atmospheric
carbon dioxide into glucose molecules. Plants either use the glucose directly or store energy
by connecting glucose molecules together to form starch (which is easier to store).

Opportunities for ELA/ELD Connections
Working with a partner, students select a law of thermodynamics to research and then
explain how energy is transferred and conserved and how energy can be harnessed to
perform useful tasks. Each pair must research multiple print and digital sources, synthesize and summarize the key points, and present their findings using a visual display
(e.g., poster, slides, handouts). The presentation should include a general description/
definition of the law plus an example demonstrating the application of the principle.
CA CCSS for ELA/Literacy Standards: RST.9–12.1, 2, 7, 9; WHST.9–12. 7, 8
CA ELD Standards: ELD.PI.9–12.6, 9

Heterotrophs (consumers or animals) ingest producers as food that they use for energy
and building blocks for growth. Consumers often store energy in stacked glucose molecules
in the form of glycogen (in higher animals, glycogen is stored in liver and muscle tissues).
Both plants and animals use cellular respiration as the process by which organic molecules
are broken down to release energy and form molecules of adenosine triphosphate (ATP).
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The process of cellular respiration uses up oxygen and releases carbon dioxide. The ATP
formed in cellular respiration has high levels of potential energy that allow cells to do work;
and therefore, if there is no ATP then there is no life. The energy from ATP is released
when it is converted back into adenine diphosphate (ADP). Students do not need to know
the individual biochemical steps of these two processes but rather need to understand the
connections between them. Students will need to understand that these processes happen
so that organisms can make ATP, the molecular source or currency of energy for the cell.
The products of photosynthesis are used as the reactants for cellular respiration and vice
versa. Students can create models [SEP-2] of these processes using chemical equations
or pictorial models that emphasize the energy and matter [CCC-5] inputs and outputs
from each process (HS-LS1-5, HS-LS1-7; figure 7.4). Sometimes both processes occur in the
same organism, and sometimes the respiration occurs in a consumer after it has eaten the
producer. With each cycle of organisms eating or being eaten, there is less usable energy
available to the organism (a consequence of the second law of thermodynamics, HS-PS3-4).
In this way, ecosystems are constantly losing usable energy and therefore rely on the Sun to
provide a constant influx of energy.
Figure 7.4. Models of Photosynthesis and Respiration
C xH yO z + O 2
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Two models showing how photosynthesis and respiration are mirrors of one another, involving the
same basic ingredients. Matter cycles within the Earth system between the two processes, but energy
must constantly flow in as sunlight to replace the energy put to work by organisms to grow and
survive. Diagrams by M. d’Alessio and V. Vandergon
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Engineering Connection:
Wastewater Treatment Facilities
When raw sewage flows into waterways, it can impact the health of both humans
and ecosystems (EP&Cs II, IV), which is why wastewater treatment facilities
are an important part of all California cities. Engineers have learned to put
biological processes to work to process human waste in wastewater treatment
facilities. Students can obtain information [SEP-8] about the different stages of
sewage treatment, some of which involve bacteria that rapidly decompose organic
waste. Students can make physical models [SEP-2] of this process by using sugars
to represent the organic waste, yeast to represent the waste-processing bacteria,
and glucose test strips to measure the concentration of simulated waste in the water.
Performing investigations using these models, students can develop techniques for
speeding up the wastewater treatment process. Is there an optimal amount of yeast
to add? Does the treatment process speed up or slow down when students add air
or seal the container? What techniques can they develop for efficiently adding air?
Students can construct an explanation [SEP-6] about how the change in oxygen in the
bacteria’s environment affects their respiration rate (HS-LS2-3).

A detailed model of photosynthesis and respiration can include the unique chemical
properties of carbon. Carbon is structurally important to building all biological molecules,
including the glucose molecule. What is so special about carbon? Carbon can covalently
bond to four other atoms and forms single and double bonds with other atoms because
of its electron structure and configuration. The same raw materials can be recombined in
different configurations with different chemical potential energy, allowing carbon-based
molecules to store or release energy during these changes. Students should be able to use
computer simulations of this process to help them construct explanations [SEP-6] about
how organisms build a wide range of organic molecules such as amino acids (HS-LS1-6).
Students can build a physical model [SEP-2] of a glucose molecule and show how to
split it apart (with an emphasis on the components needed to build the glucose and the
components left after the breakdown of the glucose). They should start with the atoms of
carbon, hydrogen, and oxygen and make the simple molecules of CO2, H2O, and O2 and then
trace the movement of these molecules, much like they did in MS-LS1-7, but with added
detail about what happens at each stage in the process. For example, the carbon dioxide
and water are raw ingredients to photosynthesis and then are released as waste again in
cellular respiration. CO2’s role in both processes means that photosynthesis and respiration
are crucial parts of the global carbon cycle.
When did the cycling of energy and matter [CCC-5] start on Earth and how is cycling
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maintained? When asked what the Earth might have looked like 4.6 billion years ago when
it first formed, students’ images might be informed by prior knowledge that may include
non-scientific sources and may not be consistent with the scientific understanding that Earth
was lifeless. Teachers may need to explicitly discuss existing ideas and their sources before
beginning instruction. When Earth first formed, its interior was still very hot and its interior
rapidly convected (ties to HS-ESS2-3). Hot magma rising up is part of convection, so rapid
convection caused volcanic activity in Earth’s early history. When these volcanoes erupted,
they released large amounts of gas that enriched our early atmosphere with CO2. Around 3.4
billion years ago, organisms evolved that could perform photosynthesis, which disassembles
CO2. This marked the beginning of life’s interaction with the global carbon cycle, an example
of Earth’s interacting system [CCC-4] of systems (biosphere interacts with atmosphere).
In the CA NGSS, students must use evidence like the graph in figure 7.5 and their model
of photosynthesis (HS-LS1-5) to construct an argument [SEP-7] that life has been an
important influence on other components of the Earth system (HS-ESS2-7; HS-LS2-5). Early
on, ocean water and chemical reactions with rock material absorbed much of the oxygen
that plants produced. By examining records from rock layers, students can reconstruct
aspects of Earth’s early history (HS-ESS1-6). They can see evidence of biosphere-geosphere
interactions in deep red colored rock layers called banded iron (because they are rich in
iron oxides) that accumulated at the bottom of the ancient ocean. The oldest banded iron
formations provide evidence of when plants first evolved, and thick deposits of banded iron
about 2.4–1.9 billion years ago reveal another major change [CCC-7] —the expansion of
multicellular cyanobacteria and a boom in photosynthesis.
Figure 7.5. CO2 and O2 in the Atmosphere
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plants used CO2 to grow biomass and released O2 during photosynthesis. Diagram by M. d’Alessio,
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Examining the carbon cycle will help students understand how Earth systems [CCC-4]
maintain life. The exchange of carbon between the atmosphere and the biosphere is just
one of many important interactions between Earth’s systems that involve the movement
of carbon. In fact, one of the few additions that California made in adopting the CA NGSS
was to add this sentence to the Clarification Statement for HS-ESS2-6: “The carbon cycle
is a property of the Earth system that arises from interactions among the hydrosphere,
atmosphere, geosphere, and biosphere.” Scientists track the movement of carbon atoms
through the carbon cycle much like they track the movement of water molecules through
the water cycle. In both cases, scientists think about the cycle of matter [CCC-5] within a
closed system [CCC-4] because at this point in Earth’s history, very little water or carbon
leaves the planet or arrives from space. We simply need to track the movement of the
matter that is already here. A biological model of the carbon cycle is shown in IS1.
In the CA NGSS, students must develop a quantitative model [SEP-2] of the carbon
cycle (HS-ESS2-6), which needs to include the following:
1. Places where carbon accumulates within the Earth system (called reservoirs,
reminiscent of the storage of water in the water cycle)
2. Processes by which carbon can be exchanged within and between reservoirs
(called flows)
3. The relative importance of these reservoirs and processes is based on the amount
of carbon they hold or transfer
Various representations exist for the carbon cycle, including simple pictures like figure
7.2. Interactive animations (such as WGBH “Carbon Dioxide and the Carbon Cycle” http://
www.cde.ca.gov/ci/sc/cf/ch7.asp#link5), hands-on experiments (see OMSI “Experiment:
Burning Issues” http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link6), and kinesthetic activities
build on the static illustrations to help students develop conceptual models [SEP-2] of the
reservoirs and processes by which carbon is exchanged between reservoirs. For example,
students can develop a simple physical model [SEP-2] of the atmosphere-ocean system
[CCC-4] by adding pH indicator to water in a closed container (see IS1 of the chemistry

course). Students can use this model to investigate [SEP-3] what happens as a plant
grows, a candle burns, or a person exhales through a straw into the water. They notice
that pH changes as CO2 from these sources interacts with the water to form carbonic acid.
This same chemical reaction happens at the global scale with interactions between the
atmosphere and the hydrosphere (PS1.B; IS6 of the chemistry course), making Earth’s
oceans one of the biggest reservoirs of carbon on the planet (see table 7.2 for the relative
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sizes of different reservoirs). Students will explain [SEP-6] how the concentration of
CO2 in the atmosphere affects the rate of a chemical reaction in HS-PS1-5 and the final
concentration of acid in the ocean is an example of a system in equilibrium as explored in
HS-PS1-6. Because the system is near equilibrium, massive amounts of carbon (about 80
gigatons) are absorbed into the ocean while massive amounts are also released back to the
atmosphere. These opposite flows are similar in magnitude but do not balance out—the
ocean absorbs about 2.5 gigatons per year more of carbon from the atmosphere than it
releases back, causing the ocean to become more acidic. An acidic ocean can cause [CCC-2]
major damage to plankton (that form the base of the ocean food chain, LS2.A, LS2.B) and
coral reefs (which host a large portion of the ocean’s biodiversity), both of which affect
[CCC-2] sea life (LS3.C) (IS6 addresses human impacts). Scientists use complex computer

models to calculate the expected changes in ocean chemistry based on different human
activities, and the CA NGSS pushes students to use simple computer representations
of models [SEP-2] to illustrate the relationships between different Earth systems [CCC-4]
and quantify [CCC-3] how human activities change these systems (HS-ESS3-6; see IS6).
Table 7.2. Carbon Reservoirs and Atmospheric Flows
CARBON RESERVOIRS AND ATMOSPHERIC FLOWS
FORM OF
CARBON

AMOUNT IN
RESERVOIR

FLOW RATE WITH
ATMOSPHERE

Atmosphere

Mainly carbon
dioxide (gas)

840 Gt

Greenhouse gases are increasing
due to human activities.

Biomass
(biosphere)

Sugar, protein,
etc. (solid, liquid)

2,500 Gt
(mostly in
plants and
soil)

About 120 Gt per year into and
out of air. Currently absorbing
about 2.5 Gt per year

Ocean
(hydrosphere)

Mostly dissolved
bicarbonate salts

41,000 Gt

About 80 Gt per year into and
out of air. Currently absorbing
about 2.5 Gt per year

Sedimentary rocks
(geosphere)

Carbonate
minerals (solid)

60,000,000 Gt

Negligible annually but important
over very long time scales.

Fossil Fuels
(geosphere/
anthrosphere)

Methane (gas)
Petroleum (liquid)
Coal (solid)

10,000,000 Gt

About 9 Gt per year into
atmosphere, mostly from
burning as fuels for energy.

RESERVOIR

Units are Gigatons (Gt) of carbon. 1 Gt = 1 billion tons
Table by Dr. Art Sussman, courtesy of WestEd
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Table 7.2 also reveals that the single largest reservoir of carbon is not in the air or
water, but in rocks. How does it get there? After students learn about the chemical
composition of life (LS1.C), they are able to explain why carbon is so important for so
many of life’s systems [CCC-4] (HS-LS1-6). Living organisms are therefore a large
reservoir of carbon. When those organisms die, the carbon stored in their bodies can
accumulate in layers that are buried over geologic time (discussed more in IS3). Heat
and pressure, caused by burial, speed up chemical reactions that slowly reorganize the
carbon and other elements into new, easily combustible molecules that we call fossil fuels,
including oil (petroleum) and natural gas (including methane). To ensure that students
see the connection between past life and oil formation, students can draw the stages of
oil formation to summarize an article (The National Energy Education Development Project
2012, 13, 57). Extracting oil and gas from deep within the Earth and burning it harnesses
energy that ancient plants and animals collected millions of years ago and that has been
stored as chemical potential energy in materials trapped underground for millions of years.
These materials are incredibly valuable for generating electricity, fueling our vehicles, and
generally enabling modern society to thrive. Unfortunately, fossil fuels form very slowly and
only under specific conditions and therefore are considered non-renewable because we
consume them more quickly than they form. Access to fossil fuels occurs in specific places
on Earth and California has large deposits, though extracting them can often leak or spill
toxic chemicals into the air, land, and water (EP&C II, IV). While they are very convenient
(EP&C V), they also disrupt the natural carbon cycle (EP&C III). Students weigh the cost
and benefits of these fuels in the Physics of the Universe course.

Living Earth Instructional Segment 3:
Evidence of Common Ancestry and Diversity
Evolutionary scientist Theodor Dobzhansky made the now famous quote,
“Nothing in biology makes sense except in the light of evolution.” Therefore, one option
is for evolution to occur early in this course and much of the rest of the course explains
the detailed mechanisms that cause [CCC-2] the patterns [CCC-1] introduced in this
instructional segment.
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LIVING EARTH INSTRUCTIONAL SEGMENT 3:
EVIDENCE OF COMMON ANCESTRY AND DIVERSITY
Guiding Questions
• How do layers of rock form and how do they contain fossils?
• Why do we see similar fossils across the world from each other but living organisms that are
very different?
• What evidence shows that different species are related?
• How did modern day humans evolve?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS4-1. Communicate scientific information that common ancestry and biological evolution
are supported by multiple lines of empirical evidence. [Clarification Statement: Emphasis is on
a conceptual understanding of the role each line of evidence has relating to common ancestry
and biological evolution. Examples of evidence could include similarities in DNA sequences,
anatomical structures, and order of appearance of structures in embryological development.]
HS-LS4-2. Construct an explanation based on evidence that the process of evolution primarily
results from four factors: (1) the potential for a species to increase in number, (2) the heritable
genetic variation of individuals in a species due to mutation and sexual reproduction, (3)
competition for limited resources, and (4) the proliferation of those organisms that are better
able to survive and reproduce in the environment. [Clarification Statement: Emphasis is on
using evidence to explain the influence each of the four factors has on number of organisms,
behaviors, morphology, or physiology in terms of ability to compete for limited resources and
subsequent survival of individuals and adaptation of species. Examples of evidence could
include mathematical models such as simple distribution graphs and proportional reasoning.]
[Assessment Boundary: Assessment does not include other mechanisms of evolution, such as
genetic drift, gene flow through migration, and co-evolution.]
HS-LS4-4. Construct an explanation based on evidence for how natural selection leads to
adaptation of populations. [Clarification Statement: Emphasis is on using data to provide
evidence for how specific biotic and abiotic differences in ecosystems (such as ranges of
seasonal temperature, long-term climate change, acidity, light, geographic barriers, or evolution
of other organisms) contribute to a change in gene frequency over time, leading to adaptation
of populations.].
HS-LS4-5. Evaluate the evidence supporting claims that changes in environmental conditions
may result in: (1) increases in the number of individuals of some species, (2) the emergence
of new species over time, and (3) the extinction of other species. [Clarification Statement:
Emphasis is on determining cause and effect relationships for how changes to the environment
such as deforestation, fishing, application of fertilizers, drought, flood, and the rate of change of
the environment affect distribution or disappearance of traits in species.]
HS-ESS1-5. Evaluate evidence of the past and current movements of continental and oceanic
crust and the theory of plate tectonics to explain the ages of crustal rocks. [Clarification
Statement: Emphasis is on the ability of plate tectonics to explain the ages of crustal rocks.
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LIVING EARTH INSTRUCTIONAL SEGMENT 3:
EVIDENCE OF COMMON ANCESTRY AND DIVERSITY
Examples include evidence of the ages oceanic crust increasing with distance from mid-ocean
ridges (a result of plate spreading) and the ages of North American continental crust increasing
with distance away from a central ancient core (a result of past plate interactions).] (Introduced,
but assessed in High School Chemistry in the Earth System course)
HS-ESS2-5. Plan and conduct an investigation of the properties of water and its effects on
Earth materials and surface processes. [Clarification Statement: Emphasis is on mechanical and
chemical investigations with water and a variety of solid materials to provide the evidence for
connections between the hydrologic cycle and system interactions commonly known as the
rock cycle. Examples of mechanical investigations include stream transportation and deposition
using a stream table, erosion using variations in soil moisture content, or frost wedging by
the expansion of water as it freezes. Examples of chemical investigations include chemical
weathering and recrystallization (by testing the solubility of different materials) or melt
generation (by examining how water lowers the melting temperature of most solids).]
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human activity.
[Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting, and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities
on natural systems.* [Clarification Statement: Examples of data on the impacts of human
activities could include the quantities and types of pollutants released, changes to biomass
and species diversity, or areal changes in land surface use (such as for urban development,
agriculture and livestock, or surface mining). Examples for limiting future impacts could
range from local efforts (such as reducing, reusing, and recycling resources) to large-scale
geoengineering design solutions (such as altering global temperatures by making large changes
to the atmosphere or ocean).]
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics, as well as possible social, cultural, and environmental impacts.
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LIVING EARTH INSTRUCTIONAL SEGMENT 3:
EVIDENCE OF COMMON ANCESTRY AND DIVERSITY
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-3] Planning and
Carrying Out Investigations

LS4.A: Evidence of Common
Ancestry and Diversity

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

LS4.B: Natural Selection

[SEP-7] Engaging in
Argument from Evidence
[SEP-8] Obtaining,
Evaluating, and
Communicating Information

LS4.C: Adaptation

[CCC-2] Cause and
Effect: Mechanism and
Explanation

ESS2.B: Plate Tectonics and LargeScale System Interactions

[CCC-6] Structure and
Function

ESS2.C: The Roles of Water in
Earth’s Surface Processes

[CCC-7] Stability and
Change

ESS3.A: Natural Resources
ESS3.B: Natural Hazards
ESS3.C: Human Impacts on Earth
Systems
PS1.C: Nuclear Processes
ETS1.B: Developing Possible
Solutions

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: MP.2; MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.4; RST.11–12.1, 8; WHST.9–12.2.a–e, 7, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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To understand the evidence for how evolution has shaped life over time, students need
to think about processes in both the biosphere and geosphere. Students need to understand
more about fossils so that they will be able to interpret fossil evidence of evolution.

Fossils as a Part of the Geosphere
Evolution requires changes that span many generations of a population, so it can only be
directly observed in populations that reproduce very quickly such as bacteria in petri dishes.
For the rest of organisms, scientists have sought out other lines of evidence. In particular,
the fossil record allows them to peer back over a very long time interval and discover
transitional life forms, indications of organisms that no longer exist, and the absence of
fossils of modern species in very old sediments. Finding of fossils in layers of deep valleys
or mountaintops leads to questions about how fossils form and are preserved for millions of
years. This instructional segment begins with students developing models of the ways that
the rock record records past events.
Just as evolution changes populations, a variety of processes shape the physical
landscape on Earth. What evidence do these processes leave behind? In the 1850s,
geologists in California like Joseph Le Conte, one of the first faculty members at the
University of California, began to look at landscapes and construct mental models of how
landscapes developed and changed by erosion (figure 7.6). These mental models required
testing, so Earth scientists conducted small experiments of erosion in laboratories. A
stream table (a sloped table or plastic bin covered with sand and other earth materials
and flooded with water) is a platform for exploring erosional processes; it can be used
for hands-on investigation [SEP-3] and as a physical, conceptual model [SEP-2] that
can predict possible outcomes. Teachers can use stream tables to help meet some of
the performance expectations of the CA NGSS, including having students ask questions
[SEP-1] and plan their own investigations [SEP-3] (HS-ESS2-5). Students can recreate

California landforms such as the Sierra Nevada and Central Valley in a stream table and
watch as sediment slowly accumulates in deep layers in the Valley. These sediments are
rich in nutrients, so students can construct an explanation [SEP-6] of how erosion has
fueled the California agricultural economy (HS-ESS3-1). Or students can be given a range
of materials to see if they can produce the mesa-like features of Table Mountain. With this
hands-on experience, students should be able to explain [SEP-6] why there are layers of
rock and how those layers are deposited and accumulate over time.
Each layer that is deposited preserves a record of what the physical environment was like at
the time. Even after the climate of the region has changed and millions of years have passed,
we get a glimpse of what the ecosystem was like at this spot because the ancient river channel
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in Time 1 of figure 7.6 may preserve fossils of organisms that once drank from or swam in
it. Like a little time capsule, the solid cap of lava protected these fossils from erosion.

Time 1

Ancient river channel

Time 2

Ancient valley ﬂoor
Lava ﬁlls river channel & hardens
Erosion wears away soft valley rocks

Time 3

Le Conte’s mental model

Le Conte’s
sketch

Figure 7.6. Tuolumne Table Mountain Near Jamestown

Hard volcanic rock remains

This much rock eroded away in the last
9 million years!
Ancient valley ﬂoor

Current valley ﬂoor

Le Conte Sketch from: http://www.gutenberg.org/ﬁles/46379/46379-h/46379-h.htm; Photo courtesy of Kirk Brown, SJCOE

Tuolumne Table Mountain near Jamestown, CA reveals how much soil and rock has eroded. Joseph
LeConte sketched the drawing on the top for a textbook he wrote in 1882. LeConte was one of the
first faculty at the University of California and a charter member of the Sierra Club. There are several
schools in California named after him, including ones in Los Angeles and Berkeley. Source: LeConte
1892; photo by Kirk Brown; illustration by M. d’Alessio
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The process of lava capping a layer is far less common than simply having layers of
sediment deposited one on top of the other. The constant buildup of layers like in the Grand
Canyon is the geologic example of structure and function [CCC-6] . In biology, the shape
of objects gives clues about what they are used for, while in geology the shape of the
landscape reveals the process that brought it into existence. Sedimentary rock layers tell us
that material was eroded from one area and deposited in another, usually driven by water,
wind, or gravity. Details about the layers and the arrangement of the materials in them (the
structure) reveal clues about the ancient environment such as the past climate because it
affects the amount and speed of the water and the intensity of the wind (the function).
While people often think of erosion and deposition as slow and steady processes,
these processes are often much more dramatic, which turns out to be important for fossil
preservation. Students can observe the rate for themselves in a stream table where slow
and steady erosion is punctuated by rapid landslides. The slow movement of sediment from
the base of a cliff eventually hits a critical point and a massive piece of the cliff suddenly
falls. The erosion rate then slows down because the cliff erodes into a flatter hillslope.
California’s coastal bluffs repeatedly face this problem, often eroding many feet in a single
storm and then remaining stable [CCC-7] for decades. Students can investigate [SEP-3]
actual coastal erosion rates using online collections of historical photos as found in Google
Earth and the California Coastal Record to measure the impact of waves on the coastline
(HS-ESS2-5).
Figure 7.7 shows oblique aerial photos of Pacifica, California, but the aerial photos in
Google Earth are precise enough that students can measure the amount of coastline erosion
as a classroom experiment. Such sudden land failures can preserve fossils because they
immediately cover and protect remains of entire organisms, rather than allowing them
to be torn apart by scavengers. For example, famous dinosaur fossils of two dinosaurs
fighting (for example, see American Museum of Natural History, Fighting Dinos exhibition
notes, http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link7) or mother dinosaurs sitting on nests
of eggs are only possible because some depositional event covered them quickly. Even in
places like the middle of the open ocean where there are no dramatic events like landslides,
there are seasonal, decadal, and longer-term variations producing changes in deposition
rates that are recorded by the layers of rock. Processes that appear to occur at a stable
[CCC-7] , constant rate may actually be periodically changing [CCC-7] when viewed at the

right timescale [CCC-3] .
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Waves destroyed this apartment building’s backyard.

Figure 7.7. Coastal Bluff Changes Over Time

2002

2008

2009

Very little erosion,
6 yrs

2010
Lots of erosion,
1 year!

Changes over time in coastal bluffs in Pacifica California. They go for many years without much
erosion and then erode more than a dozen feet in a single year. The yellow arrow shows the migration
of the cliff top from year to year at a single position. By 2010, the cliff is located directly beside the
apartment building. Source: California Coastal Records Project 2017. Copyright © 2002–2015 Kenneth
& Gabrielle Adelman, California Coastal Records Project, www.californiacoastline.org

Engineering Connection: Coastline Erosion

http://www.californiacoastline.org/cgi-bin/timecompare.cgi?image=200906566&latdeg=37.653795&longdeg=122.496760&ﬂags=0&year=2009&hidden=0&oneimage=current/
201007854-1979/7927027-1972/7217002-1987/8714019-2009/200906566-

When coastline erosion affects humans, it becomes a natural hazard. Students can
explain some of the common impacts of erosion in California (HS-ESS3-1). They
can also engage in an engineering design problem to reduce these impacts (HSESS3-4). Students can design and build erosion control measures using stream
tables as well as read about actual measures that are taken in places like Pacifica
and locations all along the California coastline. The engineering solutions either
involve (1) increasing the strength of the hillside (by adding plants with root systems
to stabilize the hillside, building support walls, or covering the cliff with concrete); or
(2) reducing the driving forces (by placing rocks or sea walls to reduce the speed of
waves when they hit the natural hillslope and through better drainage). Students should
compare and evaluate solutions based on prioritized criteria and tradeoffs that account
for a range of constraints, including cost, safety, reliability, and aesthetics. (HS-ETS1-3;
EP&C V). Sometimes, technologies that reduce the impact of erosion on people can
have adverse impacts on ecosystems (EP&C III). Students should consider and evaluate
the environmental impacts of their design and refine it to reduce those impacts (HSESS3-4). Students can obtain information [SEP-8] about different California coastal
communities and explain [SEP-6] why they have chosen to develop or not develop
their coastlines (HS-ESS3-1).
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With a better understanding of how Earth’s geosphere changes at the surface, students
are better equipped to interpret the fossil record. Because fossils are recorded in rock layers
piled one on top of another, geologists look back in time as they dig deeper. Sequences
of layers reveal a sequence of time like pages in a book (as students discovered in the
middle grades with MS-ESS1-4). In this way, scientists can examine fossils and look at how
organisms change over time.

Evidence for Evolution
Students can begin by obtaining examples of evidence supporting evolution that they
learned about in the middle grades: patterns in fossils (MS-LS4-1), anatomical similarities
(MS-LS4-2), and embryological similarities (MS-LS4-3). In each case, they can find more
detailed evidence. The goal for high school is to have enough conceptual understanding
to communicate these lines of evidence effectively. To help students meet HS-LS4-1,
curriculum can focus on the SEP of communicating information [SEP-8] , which includes
writing, oral presentations, and especially visual displays (diagrams, charts, annotated
photos, etc.). Students can compare multiple depictions and evaluate [SEP-8] which ones
illustrate the common ancestry most effectively. What are the elements of an effective
communications product?
The fossil record provides much of the evidence to support evolution because it includes
transitional life forms as well as organisms that no longer exist. In addition, many life forms
alive today (including humans) are not found very far back in the fossil record, implying that
they are newer and therefore evolved from other species. Effective communication of this
evidence shows progressions of species and identifies where species appear or disappear in
the fossil record.
Looking at structures that are homologous (features that originate from the same
structure within a common ancestor) and analogous (features that arise because two
species use a similar structure to accomplish the same function) also provides evidence of
how, over time, parts of organisms have changed in both structure and function [CCC-6] .
Effective communication of this evidence shows comparisons of structures side-by-side and
highlights the similarities.
Students can look at a variety of skeletons of vertebrates from the major classes and
identify patterns [CCC-1] , noting that all these animals share the same basic skeletal
structure but with only small variations such as the placement and usage of forelimbs or
hind limbs. For example, a dog foreleg, human arm, and seal forelimb are all forelimbs of
mammals (homologous) but serve very different functions (so they are not analogous). On
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the other hand, a dog and a horse have homologous forelimbs that they both use to walk.
Students should be able to construct arguments [SEP-7] that two organisms share a
common ancestor using homologous structures as evidence. Similarly, they should use the
observation that homologous structures are used in diverse ways as evidence that natural
selection accentuates certain favorable traits over generations, leading to a gradual evolution.
Are all structures with similar functions caused by genetic similarity and common
ancestry? In high school, students develop a nuanced understanding of cause and
effect [CCC-2] when they evaluate evidence to determine which cause (or causes)

most likely explains a given observation. For example, penguins and dolphins both have
streamlined bodies that allow them to swim efficiently. This feature is not the result of
common ancestry, but rather an example of convergent evolution. Both these organisms
independently evolved their body shapes from separate ancestors. Students can identify
examples from the plant kingdom as well. The modified leaves in a Venus flytrap and
pitcher plant demonstrate a homologous trait used to help the plants catch insects (all
of these plants share a common ancestor). Thorns and spines, however, are a common
analogous trait that protects plants from herbivores; this trait evolved in a wide range of
plants through convergent evolution. As students develop arguments [SEP-7] that two
organisms share common ancestry, they need to consider whether to present evidence of
homology, analogy, both, or neither.
Because of the changes in organisms over time, some organs/structures no longer have
a use in the modern day organism, although there is evidence that the structure was once
functional in the ancestor; these traits are now called vestigial organs/structures. Some
classic examples of vestigial organs/structures are the remnants of hipbones in snakes and
whales and the remainder of the tip of a tailbone (the coccyx) in humans.
Evolution itself is not a linear process, but rather a branching process in which the
members of populations of an ancient species change and branch into two new descendant
species from a common ancestor (see IS6). These descendent species underwent more
changes and could have possibly branched again and again over geological time. Visual
depictions of this tree of life (figure 7.8) summarize our understanding of how life evolved
from single-cell organisms to the modern species we see on earth today. The tips of the tree
represent these modern species. These trees were developed using studies of fossils and
have been refined using investigations of the similarities and differences in DNA. What makes
these diagrams effective at communicating evolutionary history? How can they be improved?
Students should be able to communicate [SEP-8] evidence both graphically and in writing.
Students can design Venn diagrams or tables to communicate commonalities and differences.
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They will have to revisit these comparisons later in the course as they add information
about the common structure of DNA, cell structures, the process of cell division, etc.
Figure 7.8. Tree of Life

A tree diagram showing the relationship of all living species on Earth. All branches relate to the
common ancestor at the base, which diverged into three main branches: bacteria, microbes known
as Archaea, and a group of multicellular organisms called Eukarya, which includes humans. Longer
branches indicate a more significant change in DNA from its common ancestor. Source: Farmer 2000
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Living Earth Snapshot 7.2:
Simulating Evolution of Antibiotic-Resistant Bacteria
Everyday phenomenon: When you get a prescription antibiotic from the
pharmacy, the symptoms go away in a few days but the instructions always say to
keep taking the drug for as long as two weeks.

Mr. K asked students if they had ever had an ear infection and had to take
antibiotics. Did they have a nasty tasting liquid or a huge pill to swallow?
But did they get better? How long did it take? He then asked them if they
remember how long they took the medicine. He passed around an empty
antibiotic bottle (with patient information removed) and projected a picture of the label
on the screen so that everyone could see how long the instructions say to take the drug.
Could they just stop taking the antibiotic when they start feeling better?
Investigative phenomenon: Bacteria can become resistant to antibacterial
drugs.

Evolution appears to be slow because changes [CCC-7] happen in populations over
many, many generations. Bacteria reproduce every few hours, so humans can actually
observe their evolution. Mr. K’s class simulated the effects of antibiotics on bacteria
populations using colored index cards or foam packing peanuts (NSTA http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link8). Each index card represented an individual bacteria
organism; most cards were white, but two red cards represented individuals of the same
species that were somehow resistant to the antibiotic. During each round, an antibiotic
was applied that killed three out of four of the white cards but none of the resistant red
cards. After each round, the bacteria reproduced, so students collected another card of
the same color. Students graphed the number of bacteria and identified the trend [CCC-1]
that the population had evolved to become resistant to antibiotics.
Mr. K asked students to formulate the rules of the index card game as
a computational algorithm [SEP-5] . Students then wrote their own computer code and
used it to predict what happened to the population of bacteria when a person with an
infection stopped taking antibiotics before the end of the prescription. They culminated
by constructing an explanation [SEP-6] about how the use of antibacterial agents can
cause bacteria to evolve into superbugs (HS-LS4-4). They watched a video to obtain
information [SEP-8] about how resistant bacteria are impacting behaviors and health at
local hospitals. Mr. K then pretended to be one student’s father who wanted to throw out
his antibiotic when his symptoms went away but before the prescription ended. He asked
the student to convince him using evidence [SEP-7] that he should keep taking the
medication.
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As students recognize the lines of evidence [SEP-7] supporting evolution they can
connect it to what Charles Darwin postulated in the middle 1800s. Darwin spent his adult life
collecting and analyzing data. Interestingly, he was a naturalist on a boat expedition (HMS
Beagle) that was sailing the world to map landforms and geologists on this same expedition
(and others like it) would contribute data to our understanding of plate tectonics (see below).
The result of Darwin’s work is the foundation for the study of evolution. What Darwin noticed
was that organisms have the potential to reproduce many more offspring (for example, a
spider will lay hundreds of eggs) than will survive. He noticed that despite the potential
for large numbers in a population most populations remain fairly constant in numbers over
generations. Darwin concluded that there had to be competition for resources and that is
part of what helped keep population numbers stable over time. He also noticed that while
fossils and modern living organisms differed from place to place, the fossils and modern
living organisms in the same area were very similar to one another. For example, Darwin saw
that several bird species in the Galápagos Islands looked very similar to one species found on
the continent of nearby South America. He also knew that offspring looked like their parents
but there was slight variation. He understood how animal breeders manipulate the traits
in the population of their livestock or dogs by selectively breeding to reinforce or eliminate
certain traits. All these observations helped him frame the Theory of Natural Selection, which
states that there is competition over resources and the individuals in a population that can
get the resources they need are able to reproduce and pass on their traits to their offspring
and therefore are the more fit individuals of the population. If no individuals reproduce,
then that population ceases to exist and any unique alleles within that population are also
eliminated. Darwin originally summarized his findings into four postulates (table 7.3).
Table 7.3. Darwin’s Four Postulates
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DARWIN’S POSTULATE

EXAMPLE

Individual organisms in a population vary
in the traits they possess.

The size of their heads or the length of a taproot

Some of this variation is passed from
parent to offspring.

Seeds from plants with purple flowers grow into
new plants with purple flowers; insects with long
wings produce offspring with long wings.

Individuals within a population have the
ability to produce a lot of offspring.

Number of seeds produced by a flowering tree,
the ability of some bacteria to reproduce every
20 minutes, the number of spores released by a
mushroom.
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DARWIN’S POSTULATE

EXAMPLE

The individuals that leave living offspring
are the individuals with certain traits that
help them survive and reproduce, thus
they are the individuals that are selected
naturally by the environment.

Birds that can break open nuts that grew harder
in a drought year could acquire enough food and
survive the environmental change (drought) so
they then could go on to reproduce.

Students should observe examples of evolution in all living systems (e.g., plants, fungi,
animals, prokaryotes, etc.). Students can collect data on individuals in a population and
look for the patterns [CCC-1] that are present. They can measure individual skulls or
beaks or shells that have been gathered to represent a specific species. There are datasets
available that extend from generation to generation (HHMI 2014; Grant and Grant 2014)
and students can use these to mathematically analyze [SEP-4] the changes they observe.
They can begin to construct an explanation [SEP-6] based on this evidence of the
conditions that are necessary for evolution to occur (HS-LS4-2). Extensions of this data
collection can include some generations that survived after a change in their environment
(e.g., what happens to the size of beaks after a drought or what happens to the size of
shells after the introduction of a non-native species that eats the shelled organism). From
these observations, students notice that interactions in the environment influence evolution
(EP&Cs I, II). The vignette in IS6 provides an example of this sort of data analysis.
Ideally, students should do an in-depth investigation of one species and obtain
information about the evidence of its evolutionary history. One possible example is the
history of modern humans (the vignette in IS6 illustrates another). Using genome studies
on DNA sequences as well as fossil evidence, scientists estimate that the common ancestor
for humans and great apes lived over seven million years ago. Since that time, each branch
has undergone further evolution. Students can use interactive tools to examine fossils and
arrange them on a timeline based on patterns [CCC-1] that document human evolution.2
How exactly did these changes happen?

2. HHMI-Howard Hughes Medical Institute http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link165. This Web site is free, kept up
to date, and has excellent resources for evolution as well as other science topics designed by experts in the field for use by
teachers and students.
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High School Three-Course Model Living Earth Snapshot 7.3:
Human Evolution
Anchoring phenomenon: Several other species of hominin existed, but our
species, homo sapiens, is the only one that survived to today.

Evolution is driven by natural selection favoring some new traits over others.
But which new traits or selective pressures allowed our species, Homo
sapiens, to thrive while several other early hominin species died off? Mrs. B
recently saw the September 2014 issue of Scientific American http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link9) that addresses that very question. Each article offers
a different argument supported by different evidence. One article focuses on specific
anatomical features (structure and function, LS1.A), several articles on group behavior
(LS2.D) including mating for life, cooperative hunting, and the power of culture, one article
on information processing (LS1.D), and one article emphasizes the role of ancient climate
change on evolution (ESS2.E, ESS3.D).
Mrs. B assigned different students to read different articles in a classic jigsaw. Then
she organized the students so that each group discussed a common article. Each student
group created a collaborative presentation about its article that summarized the argument
made in the paper. Students had to identify the claim, describe the evidence, and tie
it all together with reasoning. The students needed to pay particular attention to fossil
evidence (ESS1.C), which was described more in some articles than others. Then, the
student groups were reorganized, with one expert on each article in each group. Each
expert presented the collaborative presentation about the article to his or her small group.
Then, the group laid out a large sheet of butcher paper and created a comprehensive
concept map illustrating the possible explanations of how humans evolved and then
connected those explanations to other key course ideas. For example, students knew that
the pace of present-day climate change is much faster than a climate shift 160,000 years
ago that one article mentioned may have been a selective pressure that favored larger
brains. It is unlikely that humans or other species can adapt quickly enough to keep pace
with modern changes happening on the scale of decades. Mrs. B emphasized the fact that
today we do not have enough evidence to distinguish between these different possibilities,
but one day somebody might discover key evidence that allows us to rule out some of the
possibilities or provides direct evidence of a cause and effect relationship for others. Mrs.
B added, “And the person who will make that discovery might be in this room right now.”
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Isolated Species as Evidence of Plate Tectonics
When scientists around the world collected fossils that showed evidence of systematic
progressions of species within the biosphere, they also discovered something surprising
about changes in the geosphere over time. In the middle grades, students explained how
spatial patterns in the fossil record provide evidence that plates are moving (MS-ESS2-3).
They can now revisit this understanding in light of evolution and populations and, as a
result, better understand why the fossil evidence for plate tectonics is so compelling. Take,
for example, fossils of a specific species of fossil fern, Glossopteris, that grew in narrow
geographic regions on South America, Africa, India, and Australia. It is virtually impossible
that the same species would evolve independently in different places at the same time. If
it had been transferred to all these separate continents by some hypothetical wind current,
then these new populations would have existed in isolation and would have been free to
change and evolve providing a foundation for many speciation events (HS-LS4-5). While it
did develop and change over the 40 million years or so that it dominated the vegetation of
the southern continents, the changes in one location tracked the changes in others. This
could only happen if they were part of a single, interconnected population. And that could
only happen if the continents were once together and have since moved. Students learn
about the mechanisms that drive plate motion in IS2 of the chemistry course.
The exact timing of these events can be tracked because of advances in radiometric
dating techniques. Students learn about the details of these techniques in IS4 of the
Physics of the Universe course and can address the basic principles here (HS-PS1-8). By
determining the age of each rock layer, scientists can determine when the fossils contained
within them were alive. The oldest seafloor in the Atlantic Ocean is 200 million years old,
which indicates that the Americas began to be pulled away from Europe and Africa about 50
million years after the last Glossopteris went extinct. Students can evaluate the evidence
[SEP-7] for other well-known species that spanned across continents around the same

time (i.e., Mesosaurus, Cynognathus, Lystrosaurus, etc.) (HS-ESS1-5, though students are
assessed on this performance expectation in the Chemistry in the Earth System course).
None of them existed as the same species on two different continents after the continents
broke apart, as demonstrated by the ages of the fossils. In fact, many of them went extinct
around the same time at the end of the Permian Period, which is an interesting massextinction story in and of itself that could be discussed in IS6.

2016 California Science Framework

Chapter 7

813

The Living Earth
Living Earth Instructional Segment 4:
Inheritance of Traits
Middle grade students are introduced to genes and the connection to genes and
proteins, including what happens if there are mutations in gene sequences (MS-LS3-1) and
the variation within individuals that are the result of the inheritance of genetic traits (MS-LS32). This instructional segment defines the mechanisms for inheritance that were introduced in
IS3 and provides a motivation for understanding IS5 in which students learn how organisms
use DNA to code for amino acids, the building blocks of proteins. While this instructional segment provides the big picture view of inheritance by DNA, IS5 goes into more detail about cell
division and explains the mechanism of inheritance at the scale of the cell itself.

LIVING EARTH INSTRUCTIONAL SEGMENT 4:
INHERITANCE OF TRAITS
Guiding Questions
• How are characteristics of one generation passed to the next?
• What allows traits to be transmitted from parents to offspring?
• How does variation affect a population under selective pressures?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS3-1. Ask questions to clarify relationships about the role of DNA and chromosomes in
coding the instructions for characteristic traits passed from parents to offspring. [Assessment
Boundary: Assessment does not include the phases of meiosis or the biochemical mechanism of
specific steps in the process.]
HS-LS3-2. Make and defend a claim based on evidence that inheritable genetic variations may
result from: (1) new genetic combinations through meiosis, (2) viable errors occurring during
replication, and/or (3) mutations caused by environmental factors. [Clarification Statement:
Emphasis is on using data to support arguments for the way variation occurs.] [Assessment
Boundary: Assessment does not include the phases of meiosis or the biochemical mechanism of
specific steps in the process.]
HS-LS3-3. Apply concepts of statistics and probability to explain the variation and distribution of
expressed traits in a population. [Clarification Statement: Emphasis is on the use of mathematics to
describe the probability of traits as it relates to genetic and environmental factors in the expression
of traits.] [Assessment Boundary: Assessment does not include Hardy-Weinberg calculations.]
HS-LS4-2. Construct an explanation based on evidence that the process of evolution primarily
results from four factors: (1) the potential for a species to increase in number, (2) the heritable
genetic variation of individuals in a species due to mutation and sexual reproduction, (3)
competition for limited resources, and (4) the proliferation of those organisms that are better
able to survive and reproduce in the environment. [Clarification Statement: Emphasis is on using
evidence to explain the influence each of the four factors has on number of organisms, behaviors
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LIVING EARTH INSTRUCTIONAL SEGMENT 4:
INHERITANCE OF TRAITS
morphology, or physiology in terms of ability to compete for limited resources and subsequent
survival of individuals and adaptation of species. Examples of evidence could include
mathematical models such as simple distribution graphs and proportional reasoning.]
[Assessment Boundary: Assessment does not include other mechanisms of evolution, such as
genetic drift, gene flow through migration, and co-evolution.]
HS-LS4-3. Apply concepts of statistics and probability to support explanations that organisms
with an advantageous heritable trait tend to increase in proportion to organisms lacking this trait.
[Clarification Statement: Emphasis is on analyzing shifts in numerical distribution of traits and using
these shifts as evidence to support explanations.] [Assessment Boundary: Assessment is limited to
basic statistical and graphical analysis. Assessment does not include allele frequency calculations.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS1.A: Structure and
Function

[CCC-1] Patterns

[SEP-4] Analyzing and Interpreting
Data

LS3.A: Inheritance of Traits

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

LS4.B: Natural Selection

LS3.B: Variation of Traits
LS4.C: Adaptation

[CCC-2] Cause and
Effect: Mechanism and
Explanation
[CCC-3] Scale,
Proportion, and Quantity

[SEP-7] Engaging in Argument
from Evidence
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: MP.2; MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 9; WHST.9–12.1.a–e, 2.a–e, 7, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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One way to help students meet HS-LS3-1 and better appreciate the nature of science
is through a historical approach. Students obtain information about the study of DNA,
learning about what scientists knew, what questions they asked, and how they designed
investigations to answer those questions. Discussing the scientists themselves shows
that science is a human endeavor. The historical approach also illustrates how ideas have
unfolded over time, showing that scientific knowledge is open to revision in light of new
evidence. See chapter 11 on instructional strategies for specific advice about teaching
science through historical case studies.
At the turn of the twentieth century, Mendel’s conclusions about inheritance were
accepted, and it was understood that chromosomes were passed from generation to
generation in all living organisms. It was also known that chromosomes were composed
of DNA and proteins. However, in the early 1900s it was not clear to scientists how these
chromosomes could provide the codes for all the phenotypes present in an organism.
Were the proteins or the DNA most important? As scientists grappled with this, they
began to ask more focused questions about what exactly was directing the translation of
proteins. Frederick Griffith, one such scientist, was trying to find a cure for pneumonia
and was using mouse models to address specific questions about how mice contracted
pneumonia. He found that he could inject strains of bacteria into mice and transform strains
of non-pathogenic bacteria into pathogen-causing bacteria. The full experiment might be
demonstrated by a slide presentation showing the first part of Griffith’s experiment on
one slide while asking students to predict the outcomes. Then show the outcomes on the
next slide, continuing this pattern with the next set of experiments as students predict the
outcomes. Then see what comes next by switching to the next slide and building on that
knowledge, continuing with the next set of experiments along with predictions. Students
can deduce the control and variables Griffith used in his original work. The conclusion of his
work was that some agent transformed the non-pathogen-causing strains into pathogencausing strains of bacteria and the mice developed pneumonia.
MacLeod and McCarty attempted to answer that question. They discovered that DNA was
the transforming agent, which they concluded after testing the individual components of
the bacteria cell in a cell culture system. Scientists were not entirely convinced. Therefore,
Alfred Hershey and Martha Chase radioactively labeled parts of viruses and provided even
more evidence that the DNA was being transported into hosts’ cells and transforming those
host cells into virus-making machines. It was also around this time that Erwin Chargaff and
his students who, while working on separating nucleotides in different organisms, noticed
that adenine and thymine were always in the same amounts as were guanine and cytosine.
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They also noticed that the total amount of adenine and thymine was not equal to the total
amount of guanine and cytosine. A final piece of the puzzle was the X-ray photograph of
DNA that Rosalind Franklin generated showing the regular pattern and the helix formation
of the molecule. These experiments, along with other evidence gathered during this time,
led to the building of the model [SEP-2] of DNA by Watson and Crick. (There is an
excellent educational resource regarding the history of this scientific discovery through the
UC Berkeley Museum of Paleontology, The structure of DNA: Cooperation and competition
http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link10.)
Building physical models [SEP-2] can help explain data and observations (for Watson
and Crick, it helped them merge together all that they had learned from others) and predict
new possibilities (for Watson and Crick, it helped others think about how DNA replicates)
but models also have limitations. For example, Watson and Crick’s model could not show
how the code determined amino acid order. Having students build this model can help them
make the connections that Watson and Crick made with the data produced from theirs and
others’ experiments. Students can also begin to see what happens if a component of the
model changes. What happens if you switch a thymine with an adenine? Students should
see that having an A nucleotide across from an A nucleotide alters the structure, which can
help them make predictions about the effect of mutations. Students can improve their ability
to obtain information [SEP-8] from scientific journals by reading an annotated version of
Watson and Crick’s original paper. Even though it is only two pages long, it has profoundly
influenced the direction of the science of genetics and molecular biology.
Much of the work done in the first half of the twentieth century looked at the effect
mutations had on phenotypes. If a genetic disease resulted, it gave the geneticists evidence
of the function of that gene, though they could not directly observe the genotype (see
IS1). In the latter half of the twentieth century and into the twenty-first century, techniques
and tools have improved so that scientists can actually test how specific changes in a
gene sequence alter phenotypes. Technology has also enabled scientists to map out entire
genomes of a large variety of organisms, and large online databases exist that students can
browse freely (see National Center for Biotechnology Information http://www.cde.ca.gov/ci/
sc/cf/ch7.asp#link11).
Once scientists started mapping out entire genomes, they realized that the simple
relationships between DNA sequences and phenotypes are more complicated than originally
thought. Genomes contain far fewer gene sequences than scientists originally thought and
many phenotypes are the results of more than one gene. Students can look at phenotype
studies and ask questions [SEP-1] regarding what changes in DNA result in changes
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in phenotypes of humans (or other living organisms) and the effect of DNA changes on
individuals. Students can go to National Center for Biotechnology Information and link to
case studies done in humans by looking at the Online Mendelian Inheritance in Man (OMIM)
link or they can expand the exercise and look at other animals or plants.
Students can investigate organ and tissue donation by obtaining information [SEP-8]
about how doctors use genotypes to find successful matches for people who need new
organs or tissue. The success of these transplants is much higher when the doctors can find
a genotype match for certain traits (for additional information see organdonor.gov http://
www.cde.ca.gov/ci/sc/cf/ch7.asp#link12). Which genes are most important for identifying
the right match? What other traits do those genes influence?
This instructional segment can now meld classic Mendelian genetics with the molecular
genetics just discussed. Variation is the result of mutation and recombination events that
happen at the genetic level. Students can apply a physical model [SEP-2] of chromosomes
(such as clay or pipe cleaners) to visualize and provide evidence [SEP-7] about how
variation happens. With this model, students can demonstrate how pairs of chromosomes
physically exchange parts to create new combinations of sequences (one method of
variation) and can show that the random line up of the chromosome pairs during meiosis
results in different arrangements of chromosomes during sexual reproduction (another
method of variation). Students can also use Punnett squares as a model that illustrates
how variation can arise from the mating of two biological parents. Analyzing [SEP-4]
the quantity and proportion [CCC-3] of possible outcomes helps explain the variation we
see in individuals even between siblings who have the same biological parents.
Mutations in DNA can result in a change in genotype. Some mutations result in viable
cells and can produce new genes that are then inherited by the next generation, others
result in cell death, and still others in uncontrolled replication that leads to cancerous
tumors. Sometimes, the traits caused by mutations result in a viable cell that somehow
lacks certain functionality, and we refer to these mutations as genetic diseases. A single
nucleotide change in the gene sequence for hemoglobin results in sickle cell anemia. A
similar mutation in the gene that is used to form proteins that form a channel for movement
of particles into and out of cells produces the condition known as cystic fibrosis (though it
should be noted that there can be several single changes that result in the cystic fibrosis
phenotype). Errors in copying or division of the X chromosome can lead to a disease
resulting in Turner syndrome. Students should be able to use evidence from these genetic
diseases to construct an argument [SEP-7] that variations are caused by genetic code that
is inherited or altered either during DNA replication or by environmental factors (HS-LS3-2).
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Students should also be able to relate this argument not only to genetic disease but also to
any variation in traits.
Other mutations can actually make it harder for diseases to affect humans. Students
could obtain information [SEP-8] about how a mutation in the gene that creates the
protein CCR5 can delay or prevent acquired immune deficiency syndrome (AIDS) symptoms
in people infected with the human immunodeficiency virus (HIV). They develop a model
[SEP-2] of how viruses enter cells by matching protein receptors. Viruses like HIV, bubonic

plague, and smallpox cannot enter the cell in people that lack the CCR5 protein receptor.
Does this mutation provide clues to create an HIV treatment or vaccine? Students can
also analyze data [SEP-4] from maps showing how common this mutation is in different
parts of the world and ask questions [SEP-1] about why this mutation became so
prevalent in northern European countries.
Once students understand how variation can occur, they can predict what combinations
are possible in offspring. Punnett squares are a simple and common model used to predict
traits, but they are cumbersome to use for predicting multiple traits. For example, predicting
the outcome of a tri-hybrid cross requires a cumbersome eight by eight Punnett square.
Instead, students can use statistical tools that include the product and sum rules of
probabilities (CA CCSSM S-CP.7–8). Pedigrees are another model used to look at patterns
of inheritance across generations. Students can evaluate possible genetic combinations and
predict the chance of traits appearing in individual offspring. Students can use interactive
computer simulations to create phenotypes of an organism by looking at combinations of
genotypes and again predict what combinations are plausible. Students should be able to
use information from genetics and their ability to calculate probabilities of different traits to
explain the distribution of particular traits within a population (HS-LS3-3).
While genetics dictates many aspects of variation, environment also affects phenotype
expression. Some environmental components can affect the phenotype without a change
in genotype. In humans, nutrition is an environmental component that affects height or
muscle formation. Just because an individual possesses the genotype to be tall or strong
does not mean he or she will reach full genetic potential. Failure to meet genetic potential
does not affect how genes are inherited, so malnourished parents can give birth to offspring
that end up being much taller than their parents. Using statistics ( mathematical thinking
[SEP-5] ), students can analyze [SEP-4] the frequency or distribution of traits observed in

a population and compare it to the probability of certain traits occurring based on genetics
alone (CA CCSSM S-CP.4). If students identify a mismatch, they should be able to construct
an argument [SEP-7] that environmental factors have affected phenotypes.
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Linking IS3 with this instructional segment will help students draw connections between
how variation exists and how selection can act on the population. Natural selection acts
on the phenotype of an individual, for example the size of a shell or beak. The selective
pressure that favors one size over another will translate into a change in proportion
of individuals with the favored size in the next generation—if the change is a result of
inheritance. In other words, the individuals that have the favorable phenotype reproduce
and pass on the favorable genetic code that generated that phenotype. The frequencies
of favored traits are ultimately what change from generation to generation. Students
can model [SEP-2] these changes using computer simulations of populations (see Howard
Hughes Medical Institute “Color Variation Over Time in Rock Pocket Mouse Populations”
at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link13) and use probabilities [SEP-5] to
determine whether or not there is evidence of changes in populations over time (see
Howard Hughes Medical Institute “Stickleback Evolution Virtual Lab” at http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link14) (HS-LS4-3). Using these simulations as examples, students
should be able to tie together their knowledge in the course to construct an explanation of
how organisms evolve (HS-LS4-2). Their explanation should note how (1) organisms can
reproduce to grow in numbers; (2) offspring of organisms are slightly different from their
parents due to processes of mutations and sexual reproduction; (3) organisms compete
for limited resources; and (4) organisms with traits that enable them to survive and obtain
resources are most likely to reproduce and pass on their traits such that the population
increases in the proportion of these successful traits.
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Living Earth Instructional Segment 5:
Structure, Function, and Growth (From Cells to Organisms)
Understanding the characteristics of life is a unifying theme of biology.
Instructional segment 5 investigates the birth and operation of individual cells, something
common to all life. After exploring life from the macroscopic level, students finally zoom
down to the microscopic mechanisms with a focus on DNA’s role in cellular operations.

LIVING EARTH INSTRUCTIONAL SEGMENT 5:
STRUCTURE, FUNCTION, AND GROWTH (FROM CELLS TO ORGANISMS)
Guiding Questions
• What happens if a cell in our body dies?
• How does the structure of DNA affect how cells look and behave?
• How do systems work in a multi-celled organism (emergent properties) and what happens if
there is a change in the system?
• How do organisms survive even when there are changes in their environment?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS1-1. Construct an explanation based on evidence for how the structure of DNA
determines the structure of proteins which carry out the essential functions of life through
systems of specialized cells. [Assessment Boundary: Assessment does not include identification
of specific cell or tissue types, whole body systems, specific protein structures and functions, or
the biochemistry of protein synthesis.]
HS-LS1-2. Develop and use a model to illustrate the hierarchical organization of interacting
systems that provide specific functions within multicellular organisms. [Clarification Statement:
Emphasis is on functions at the organism system level such as nutrient uptake, water delivery,
and organism movement in response to neural stimuli. An example of an interacting system
could be an artery depending on the proper function of elastic tissue and smooth muscle to
regulate and deliver the proper amount of blood within the circulatory system.] [Assessment
Boundary: Assessment does not include interactions and functions at the molecular or chemical
reaction level.]
HS-LS1-3. Plan and conduct an investigation to provide evidence that feedback mechanisms
maintain homeostasis..[Clarification Statement: Examples of investigations could include
heart rate response to exercise, stomate response to moisture and temperature, and root
development in response to water levels.] [Assessment Boundary: Assessment does not include
the cellular processes involved in the feedback mechanism.]
HS-LS1-4. Use a model to illustrate the role of cellular division (mitosis) and differentiation in
producing and maintaining complex organisms. [Assessment Boundary: Assessment does not
include specific gene control mechanisms or rote memorization of the steps of mitosis.]
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LIVING EARTH INSTRUCTIONAL SEGMENT 5:
STRUCTURE, FUNCTION, AND GROWTH (FROM CELLS TO ORGANISMS)
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.A: Structure and
Function

[CCC-4] Systems and
System Models

[SEP-3] Planning and Carrying Out
Investigations

LS1.B: Growth and
Development of Organisms

[CCC-6] Structure and
Function

[SEP-4] Analyzing and Interpreting
Data

[CCC-7] Stability and
Change

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
CA CCSS Math Connections: F-IF.7.a–e, F-BF.1a–c; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 8; WHST.9–12.2.a–e, 7, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Before starting IS5, teachers should assess what students know about the characteristics
of life. For example, working in small groups, students can sort pictures of living and
nonliving things into two categories and support an argument [SEP-7] for where they put
each item. Objects can include plants, insects, mammals, electronics, plastic toys, as well
as unusual examples and outliers such as a sponge, rock, lichen, tunicates, snakeskins,
molds, and/or a skeleton. Students come to a consensus as to what goes in each category
and why. After presenting their thinking to the entire class and listening to the thinking of
their classmates, students re-sort the items. Groups discuss the similarities and differences
between the living organisms. Instructional segment 5 also builds on other key ideas in life
science that students engaged in during the middle grades, including: models of cells and
how they interact in multicellular organisms (MS-LS1-1, MS-LS1-2 and MS-LS1-3). Formative
assessments at the beginning of the course will help teachers determine what level of detail
they will need to revisit to help students succeed.
Human skin cells have a lifespan of only a few weeks before they die, but we do not
really notice because the new ones look identical to the old ones. We see evidence for
this skin loss as we scrape off dead skin. How do cells do this? Students can watch cells
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divide during a video and observe that the two cells at the end look identical. What is the
mechanism for making such exact copies?
In the middle grades, students developed a model of how genes stored information
about how to make proteins (MS-LS3-2), but that model did not include DNA or how DNA
is encoded in genes. Their model did include the fact that genes record information about
traits or phenotypes. Now, students must explain [SEP-6] the mechanism by which the
structure of DNA determines the structure of proteins and how this process determines the
overall structure and function of the cell or organism.
As George Beadle (a biologist in the early twentieth century) said, “One ought to be
able to discover what genes do by making them defective.” Students can start with the
idea that DNA holds the information necessary for all phenotypes of the organism. Cells do
not need all of this information at all times or in all cells (analogous to a library that holds
lots of books arranged by subject, but only some of those books are checked out at certain
times). But which parts of the DNA sequence contain the information for which phenotypes?
Often, genes are mapped to phenotypes by looking at mutations. If a mutation alters the
phenotype, then the section of DNA that mutated must be responsible for that phenotype.
Once students recognize a cause and effect [CCC-2] sequence between mutated
genetic code in DNA and changes in phenotype, they are ready to examine the precise
mechanism: How does a DNA sequence blueprint get translated into a phenotype? Students
can use a codon table along with colored beads as a physical model [SEP-2] for protein
synthesis. The lineup of the nucleotides on the DNA strand is the template for the order
of the amino acids, which then determines which specific protein gets made based on
its structure [CCC-6] . Students do not need to understand the details of the translation
process, memorize a codon table, or map out metabolic pathways.
Historically, most of these connections were made by looking at mutants, and now
students can observe this by looking at loss of function in strains of bacteria3 or mutant
strains of quick growing plants.4 Mutation gene maps for model organisms are available
and students can refer to these as they look at mutated phenotypes. Students can then
gather evidence [SEP-7] to construct an explanation [SEP-6] for how a specific DNA
sequence causes a specific loss of function, and can use this specific case to support the
claim that there is a connection among DNA, the proteins cells produce, and the physical

3. It is possible to buy safe bacteria strains that are resistant to antibiotics from many biological supply companies and compare
those strains to ones that are not resistant or to ones that grow in the presence of lactose and ones that cannot breakdown
lactose and therefore change color.
4. A search on the Internet should provide links to companies that maintain normal and mutant seed stocks.
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features of an organism (HS-LS1-1). Relating back to the discussion of mutations in IS4,
students can plan and carry out investigations [SEP-3] to determine if mutants can grow
in varying environments. Because students will need to refer back to their data to look at
variations within populations and effects of environment on individuals within populations,
teachers will need to introduce an organizational structure such as science note booking or
student-created Web pages describing investigations with data stored in collaborative Web
based spreadsheets.
Mutations are technically tiny changes at the micro scale to DNA sequences, but how
do these modifications affect the overall function of body systems at the scale [CCC-3] of
an entire organism? While students constructed arguments that the body works as a set
of interacting systems [CCC-4] in the middle grades (MS-LS1-3), now they are ready to
understand some specific examples of interactions and the reason that these interactions
are so important. Students can develop and use models [SEP-2] that show how a
system works, then mutate part of it and observe the effects. A model that demonstrates
how the movement of the diaphragm affects the pressure in the chest cavity allowing for
our lungs to push out or take in air could either be pictorial (a labeled diagram showing
interacting components of the respiratory system) or a physical model with tubes and plastic
bags taped to a piece of cardboard to represent the lungs and diaphragm. If one lung is
nonfunctional, what happens? Students should develop and use a model that explains not
only how individual systems interact, but also how that interaction enables the functions of
the entire organism (HS-LS1-2). While examples can come from any organism, this is a key
opportunity within the CA NGSS to explore specific mechanisms within the human body.
One of the ways that cells work together in tissues, organs, and finally organ systems is
to maintain stability [CCC-7] through homeostasis. Maintaining homeostasis means that
despite changes in the environment an organism has the ability to maintain certain internal
chemical and physical states. Students can measure their internal body temperature on a
cold morning, a hot day, or after vigorous exercise. Even as the temperature outside spans
as much as 40°C, a person’s internal temperature only varies by a few degrees. How does
this happen and why does the body work so hard to maintain a constant temperature? The
significance is in the functioning of proteins, especially when looking at enzymes, which
must have stable environments to function correctly. Enzymes usually work in only a fairly
narrow environmental range. For multicellular organisms, the first line of regulation is
through their skin or outer layers (epithelium), which respond to stimuli in the environment.
The brain then processes these stimuli and activates balancing feedback mechanisms to
counteract the environmental change. When it is hot, mammals like humans sweat or pant,
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and when it is cold they shiver. Students can plan and conduct investigations [SEP-3]
in which they change conditions for plants or animals and watch how they respond
(HS-LS1-3). They can measure their own heart rate returning to normal after vigorous
exercise, observe plants growing taller in the dark to reach new light sources, or observe
the behavioral response of Planaria (flatworms) as the amount of light changes. Students
do not need to explain the specific mechanisms that accomplish these changes (e.g.,
photosensitivity, hormone distribution, avoidance, etc.), but they should gather evidence
that organisms respond to changes and use that evidence to construct a conceptual model
[SEP-2] that can predict outcomes of future experiments that vary parameters from their

initial trials.
One of the characteristics of life is the ability to grow (whether as a single cell or as a
multi-cellular organism). In the 1860s, Rudolf Virchow proposed that new cells arose from
pre-existing cells. As microscope technology advanced in the late 1800s, scientists were
able to gather direct evidence supporting Virchow’s claim. To go from a single cell (fertilized
egg) to a multicellular organism, cells need to produce more cells. As unicellular organisms
reproduce, they also make more cells. In both cases, information gets copied from the
parent to the daughter cells. From IS4, students know that DNA records this information,
but how do cells duplicate DNA?
Cells, just like organisms, have a life cycle referred to as the cell cycle (figure 7.9).
The cell cycle is a conceptual model that describes the essential events in a cell’s life.
The assessment boundaries for HS-LS1-4 and HS-LS3-1 are clear that rote memorization
of different stages of the cell cycle or mitosis is not the goal of the CA NGSS. One of the
common consequences of differentiating between these stages is that students think of
them as separate and independent events rather than a continuous evolution. Students
should be able to describe the events and sequence of the cell-cycle model. They should be
able to describe the stages that contribute to the overall goal of the process. In particular,
students should ensure that their model includes the idea that organisms that reproduce
sexually contain two sets of genetic material, one variation from each parent. Students
should begin to ask questions about how these duplicate copies of DNA determine which
traits offspring inherit from their parents (HS-LS3-1). Students must be able to use their
model of the cell cycle to explain how organisms grow, how multi-cellular organisms copy
the same genetic code but differentiate into different cell types, and how organisms replace
dead cells with new ones (HS-LS1-4). Students can also apply their model to predict what
happens when there are mistakes in this process. For example, what would happen if
the stages of mitotic cell division do not occur in order (i.e., if cytokinesis occurs before
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mitosis)? Students can also use the model to explain cancer5 and the effects of unchecked,
out-of-control cell division on normal cell function.
Figure 7.9. Two Pictorial Models of the Stages of the Cell Cycle

Stages of the cell cycle. On the left, the size of the pie is proportional to the time spent in each phase.
On the right, the icons visually depict what happens at each stage. Source: V. Vandergon; Genomics
Education Programme 2014

Cell division is the first part in the growth of an organism and as new cells are formed
in multicellular organisms, they differentiate into specific cell types. These specific cell
types then participate in the formation of a tissue, which then forms organs that are often
parts of a physiological system in multicellular organisms (this links back to IS1). Many
multicellular organisms stop growing once they reach adulthood, but mitosis does not stop.
Some cells die off as they reach the end of their life cycle and these dead cells need to
be replaced. This replacement of dead cells occurs through mitosis of the remaining living
cells. Extensions of this instructional segment might include discussions of stem cells that
have not yet differentiated and have the ability to become a variety of types of cells, leading
to new tissue and organ formation. Stem cells used in organ transplant provide a way for
scientists to help decrease rejection of transplanted organs by the recipient of the donated
organ. Stem cells can be used to generate signals for the recipient’s body so that their
immune system thinks that the organ belongs there.
This instructional segment culminates with students researching and constructing
an explanation [SEP-6] about how different diseases cause a cascade effect in the

5. Resources are available to look at cancer rates and types. See Cancer Research Center http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link166 which has short YouTube videos as well as the latest on cancer research. Make sure to use reputable government
supported research sites.
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interdependent systems [CCC-4] of the human body (HS-LS1-2). Amyotrophic Lateral
Sclerosis (ALS, also known as Lou Gehrig’s disease) is a good example of a disease that
results in multiple effects on the body systems, but there are many such diseases in
humans (e.g., cystic fibrosis, muscular dystrophy). The cause of ALS is still uncertain and
only about 5–10 percent of cases can be traced to genetic inheritance of a mutated gene.
Most of the time there is a random event that causes a neurodegenerative progression of
the nerve cells in the brain and the spinal cord so that the muscles in the human body do
not receive messages and therefore begin to atrophy from disuse. As the muscles atrophy,
other systems in the body are affected. For example, muscles in the respiratory system
stop working and the individual with ALS has trouble breathing. Students should also obtain
information about treatments and solutions that modern medicine has found for these
diseases. In diseases where organs fail, teachers can highlight the importance of organ
transplants and how donations of working organs and tissues from others can save lives.

Engineering Connection: Organ Donation
Students can learn about the role of engineering to meet critical medical needs to
solve another problem in organ donation: matching suitable donors with patients.
In addition to striking examples of engineering like magnetic resonance imaging
(MRI) and robotic surgery, some engineers also develop important processes such
as matching donors and patients by breaking down the problem into smaller, more
manageable problems. Students can consider the different aspects of the problem
of donor matching (e.g., awareness about the process by potential donors, rapid and
reliable genetic testing, etc.) and brainstorm and evaluate possible solutions to them.

2016 California Science Framework

Chapter 7

827

The Living Earth

High School Three-Course Model Living Earth Snapshot 7.4:
How Did We Eradicate Diseases in the US?
Anchoring phenomenon: Tuberculosis used to kill millions of people but it is no
longer common.

Ms. H. introduced a historical case study about the different factors that
go into eradicating diseases. Even though students may not remember it,
most children admitted to school in California are tested for TB. Despite this
common practice, it’s likely that many students have never met anyone who
had TB and may not even know that it stands for tuberculosis. So why all the fuss with
TB tests? Ms. H told students that if she were teaching 200 years ago, the class would
have lived in fear of this disease. During the nineteenth century, TB caused as many as 20
percent of the deaths in some years. Today, fewer than 250 people in all of California die
of the disease in an average year (California Department of Public Health 2015). How did
society accomplish this change?
Ms. H divided the class into two groups that obtain and evaluate information [SEP-8]
from different articles that introduce historical case studies of two major scientific
innovations: (1) the origin of modern germ theory, including the discovery of tuberculosis
bacteria by R. Koch in 1882; and (2) the application of science practices to randomized
controlled drug trials, including the very first large-scale trial which tested an antibiotic to
combat tuberculosis. Each group answered focus questions about the nature of science
and core ideas about disease transmission. What effect did each of these innovations have
on tuberculosis death rates?
Investigative phenomenon: The death rate from tuberculosis dropped several
times during the last 200 years.

Ms. H provided each group with a graph (figure 7.10) showing how death rates
changed around the time of the events described in their article. Students analyzed the
graphs [SEP-4] , identifying trends [CCC-1] and looking for evidence of possible cause
and effect relationships [CCC-2] between events labeled on the graph and changes in
the death rate. Students reorganized in jigsaw style—two students from the group that
discussed Koch’s investigation communicated [SEP-8] their findings to two students
that discussed the antibiotic trial (and then they switched). Students had to present
an argument [SEP-7] about whether or not their group’s innovation led to a significant
decline in TB-related death rates (using their group’s graph as evidence). Students
realized that there was evidence that both sets of innovations may have helped, but also
that rapid declines in death rates seem to happen even before some of the major events.
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High School Three-Course Model Living Earth Snapshot 7.4:
How Did We Eradicate Diseases in the US?
Figure 7.10: Two Graphs of the Decline of Tuberculosis

Charts by M. d’Alessio with data from Antunes and Waldman 1999; United States Census
Bureau 1975; Official Statistics of Finland 2010; Public Health England n.d.; Gallant,
Ogunnaike-Cooke, and McGuire 2014; Wikipedia 2016
Ms. H wanted her high school students to move beyond the simple understanding
of linear cause and effect relationships [CCC-2] from elementary school. According to
the progression of CCCs in appendix 1 of this framework, high school students should
recognize that changes in systems may have various causes that may not have equal
effects. This is especially true when it comes to the health revolution that eradicated so
many diseases like TB (Aiello, Larson, and Sedlak 2007). Innovations in medicine (drawn
directly from scientific discoveries) influenced cultural norms for sanitation (such as hand
washing) and led to changes in public policy and land use. These innovations occurred
within the context of new technologies such as water filtration and sewage treatment
that enhanced the standard of living in the United States and other western countries.
Students watched a short video highlighting some of these key advances that dramatically
increased life expectancy. Monitoring efforts, including the TB tests taken by most
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High School Three-Course Model Living Earth Snapshot 7.4:
How Did We Eradicate Diseases in the US?
California students, are part of this process. No individual factor is the singular cause of
this health revolution. Ms. H led a whole-class discussion during which they generated a
collaborative concept map representing society as a system [CCC-4] in which changes to
different components result in the revolutionary overall system behavior where infectious
disease no longer dominates our lives and deaths.

Living Earth Instructional Segment 6:
Ecosystem Stability and the Response to Climate Change
In this instructional segment students will study the effects of natural and
human-induced changes on ecosystems and the populations within them. In the middle
grades, students learned that any change, either physical or biological, to an ecosystem can
lead to a change in populations living in that ecosystem (MS-LS2-4). They now build on that
knowledge to explore more complicated changes, many relating to shifts in global climate.

LIVING EARTH INSTRUCTIONAL SEGMENT 6:
ECOSYSTEM STABILITY AND THE RESPONSE TO CLIMATE CHANGE
Guiding Questions
• What effects changes in ecosystems that ultimately effect populations?
• What are the changes that are happening in the climate and what effects are those having
on life?
• How are human activities impacting Earth’s systems and how does that affect life on Earth?
• What can humans do to mitigate their negative impact on the environment?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-6. Evaluate the claims, evidence, and reasoning that the complex interactions in
ecosystems maintain relatively consistent numbers and types of organisms in stable conditions,
but changing conditions may result in a new ecosystem. [Clarification Statement: Examples of
changes in ecosystem conditions could include modest biological or physical changes, such as
moderate hunting or a seasonal flood; and extreme changes, such as volcanic eruption or sea
level rise.]
HS-LS2-7. Design, evaluate, and refine a solution for reducing the impacts of human activities
on the environment and biodiversity.* [Clarification Statement: Examples of human activities can
include urbanization, building dams, and dissemination of invasive species.]
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LIVING EARTH INSTRUCTIONAL SEGMENT 6:
ECOSYSTEM STABILITY AND THE RESPONSE TO CLIMATE CHANGE
HS-LS4-5. Evaluate the evidence supporting claims that changes in environmental conditions
may result in: (1) increases in the number of individuals of some species, (2) the emergence
of new species over time, and (3) the extinction of other species. [Clarification Statement:
Emphasis is on determining cause and effect relationships for how changes to the environment
such as deforestation, fishing, application of fertilizers, drought, flood, and the rate of change of
the environment affect distribution or disappearance of traits in species.]
HS-LS4-6. Create or revise a simulation to test a solution to mitigate adverse impacts of
human activity on biodiversity.* [Clarification Statement: Emphasis is on designing solutions
for a proposed problem related to threatened or endangered species, or to genetic variation of
organisms for multiple species.]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature)
and their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and
ocean composition).] [Assessment Boundary: Assessment is limited to one example of a climate
change and its associated impacts.]
HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity. [Clarification
Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere,
cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human
activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic
biomass on land and an increase in ocean acidification, with resulting impacts on sea organism
health and marine populations.] [Assessment Boundary: Assessment does not include running
computational representations but is limited to using the published results of scientific
computational models.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics, as well as possible social, cultural, and environmental impacts.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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LIVING EARTH INSTRUCTIONAL SEGMENT 6:
ECOSYSTEM STABILITY AND THE RESPONSE TO CLIMATE CHANGE
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

[SEP-4] Analyzing and
Interpreting Data

LS4.C: Adaptation

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-5] Using Mathematics
and Computational Thinking

ESS2.D: Weather and Climate

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ETS1.A: Defining and Delimiting
Engineering Problems

[SEP-7] Engaging in
Argument from Evidence

LS4.D: Biodiversity and Humans
ESS3.D: Global Climate Change

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution

[CCC-4] Systems and
System Models
[CCC-7] Stability and
Change
Influence of Science,
Engineering, and
Technology on Society
and the Natural World

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; S-ID.1; S-IC.1, 6; MP.2
CA CCSS for ELA/Literacy Connections: RST.9–10.8; RST.11–12.1, 2, 7, 8; WHST.9–12.2.a–e,
7, 8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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In high school, students confront complicated chains of cause and effect [CCC-2] that
can work within ecosystems. For example, many human-induced changes [CCC-7]
in ecosystems have unintended consequences, meaning humans did something to
an ecosystem for one reason without realizing that there would be changes to other
components of the ecosystem, or they had to balance other priorities (EP&C V). In other
cases, natural changes to the physical system can cause cascading impacts on the living
populations within ecosystems. A flood might drown many of the animals that live within the
floodplain area (a density-independent factor), but this may in turn cause other animals to
migrate and compete for resources or territory (density-dependent factors). This pressure
could cause a shift in the ecosystem as a whole; if the population ends up depleting
or eliminating resources, then the ecosystem may not be able to recover to its original
state. Students can observe these changes through data-rich case studies and through
computer simulations. Once they have developed conceptual models of ecosystem changes,
they should be able to evaluate different claims [SEP-7] about the impacts of a new,
hypothetical change (HS-LS2-6).
Populations with variation in their gene pool are more often able to withstand selective
pressures as long as some of the individuals’ phenotypes are advantageous for the
population given the environment. Often, there are many variations in a population that
do not confer particular advantages at the moment; however if there is a change in the
environment, these phenotypes may then have an advantage. Those individuals that
survive and produce living offspring are said to have the advantageous phenotype. The
advantageous phenotype that survived while others disappeared is called an adaptation.
The majority of this instructional segment centers on how populations respond to the
varied stresses due to climate change. What sort of changes will occur in ecosystems? What
sort of variations will be beneficial to populations?

Climate Change Background
Many of the changes facing ecosystems today are related to changes in abiotic factors
caused by climate change. Before understanding the effects of climate change, it is
important to first examine the causes. While the details of global climate change are
complex and technical, the underlying science is fundamentally simple and has been known
for a long time. The main ideas relate to
•

the flows of energy into, within, and out of the Earth system;

•

Earth’s cycles of matter, especially the carbon cycle;

•

the effects of human activities, especially the combustion of fossil fuels.
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Students can make a conceptual model of Earth’s energy budget using an analogy of the
line for a ride at an amusement park. The constant stream of eager visitors arriving at the
end of the line represents solar radiation. As visitors get on the ride at the front of the line,
they act like energy radiating out into space. Earth’s global average temperature measures
the amount of heat stored internally in Earth’s system and so it is like the number of people
waiting in line at any given time. The line will remain the same length if people get on
the ride as quickly as new people arrive at the end of the line. Earth’s temperature will
remain stable [CCC-7] as long as the energy input and output remain unchanged.
Earth’s energy input comes almost entirely from the Sun. While a small amount of
radioactive decay within Earth’s interior generates heat, the flow of solar energy to Earth’s
surface is about 4,000 times greater than the flow of energy from Earth’s interior to its surface.
Relatively small changes in the solar input can result in an Ice Age or the melting of all of
Earth’s ice, much like the sudden arrival of a large group at an amusement ride can cause
the line to quickly grow longer. The line will stabilize at this new length (without continuing
to grow) as long as the influx of people returns back to its original rate. Planets can do the
same thing, maintaining their temperature at a new value after a temporary disturbance.
Most of the sunlight that reaches Earth is absorbed and is transformed to thermal
energy. If there were no atmosphere to hold that energy, it would radiate right back into
space as infrared radiation (like an unpopular amusement park ride where people get on as
soon as they arrive because there is no line). Gases in the atmosphere, such as CO2, absorb
infrared energy heading into space and cause it to remain within the Earth’s system for a
longer period of time. Because these gases have the same effect as a greenhouse, with heat
trapped inside the system, gases like CO2 are referred to as greenhouse gases. Calculations
by scientists show that if Earth had no greenhouse gases, its surface temperature would be
near 0°F (or -18°C) instead of its current value of a much warmer 59°F (15°C). The energy
coming into the Earth is still balanced almost exactly by what is leaving the planet, but there
is enough heat trapped in the system to allow life to thrive (like the amusement park ride
whose line is always the same length).
By increasing the amount of greenhouse gases in the atmosphere, human activities are
increasing the greenhouse effect and warming Earth’s climate. In a given year, less energy
leaves Earth than arrives. It is like one of the seatbelts breaking on the amusement park
ride and fewer people are able to get on the ride. All of a sudden, the line gets longer
and longer as new people arrive because people are not able to leave the line as quickly
at the front. At the amusement park, this might lead to impatient children. On Earth, the
imbalance in energy flows leads to an overall rise in average temperature.
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Amusement parks and planets are systems [CCC-4] with complicated inner workings.
When lines for one ride at an amusement park get too long, visitors inside the park may
respond by going to another ride or park operators may add additional workers or cars to
help move people through more quickly. Similar changes happen in Earth’s web of systems.
While the greenhouse effect seems like a simple cause and effect [CCC-2] relationship
viewed from outside the system, interactions within the system can often give rise to more
complicated chains of cause and effect referred to as feedbacks. Climate scientists are
particularly concerned about feedback effects that could increase the amount and rate of
global climate change. One example is that global warming is clearly reducing the amount
of ice on our planet. Glaciers around the world are shrinking in size and even disappearing.
The amount of ice covering the ocean in summer and fall is also shrinking. As the ice
melts, the surface beneath it is darker in color and absorbs more incoming sunlight. More
absorption causes more heating, and this heating causes even more absorption of sunlight
(figure 7.11). This kind of feedback loop amplifies or reinforces the change, and the
distinction between cause and effect begins to blur as each effect causes more change. The
clarification statements in the CA NGSS and many scientists use the term positive feedback,
but because many forms of feedback have very negative outcomes, the term positive
feedback often leads to confusion. This term could be replaced by a more descriptive term,
such as reinforcing feedback.
Figure 7.11. A Reinforcing Feedback in Earth’s Climate

A reinforcing feedback in Earth’s climate system. As the planet warms, more ice will melt, which will
expose darker ground surfaces that absorb more sunlight, which will in turn make temperatures rise
even more. Diagram by M. d’Alessio and A. Sussman

A counterbalancing feedback loop reduces the amount of change (figure 7.12). For
example, warmer temperatures cause more water to evaporate which enables more
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clouds to form. Clouds reflect sunlight back into space; therefore, more clouds cause
more incoming solar energy to be reflected before the planet can absorb it. This causes
decreasing global temperatures. More warming could cause more cloud formation and
reflection, which would then lead to less warming again.6 These changes are opposite and
can balance each other out.
Figure 7.12. A Counterbalancing Feedback in Earth’s Climate System

Temperature changes cause changes to the number of clouds because of evaporation. Clouds, in turn,
reflect light. Diagram by M. d’Alessio and A. Sussman

Predicting Climate Change Impacts on Ecosystems
Many of the feedbacks in climate change involve ecosystems as part of the chain of
events, resulting in drastic changes to the abiotic conditions. How much will ecosystems
change? Global climate models allow scientists and students to see how the climate is
expected to change as greenhouse gases trap more energy in the atmosphere. Because
of the linkages between different components of Earth’s systems [CCC-4] , the impacts
extend to all of Earth’s systems (figure 7.13 shows an example of a few of these linkages).

6. Even though this example describes a counterbalancing feedback involving clouds, clouds are also involved in a reinforcing
feedback where they trap more heat, causing more evaporation, and more clouds that trap more heat. Both of these
mechanisms occur on Earth. The question researchers are currently trying to answer is, “Which feedback loop is more powerful,
reinforcing or counterbalancing?” Cause and effect [CCC-2] gets very complicated in the Earth system
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Figure 7.13. Human Impacts on the Earth System Related to Climate Change

One example of how humans affect the climate, which impacts all parts of Earth’s systems. Illustration
by Dr. Art Sussman, WestEd, and Lisa Rosenthal, WGBH n.d.
Models [SEP-2] can help scientists predict how a climate change can effect populations

within an ecosystem, especially over time. Students can employ simple computational
simulations to explore real world population impacts (HS-ESS3-6, HS-LS2-1). For example,
sea stars in California’s coastal tide pools have seen a recent spike in an illness called
wasting disease that causes death in a matter of a few days. The problem is dramatic and
students can even report observations of afflicted organisms to a long-term monitoring
project online (see UC Santa Cruz, “Sea Star Wasting Syndrome” at http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link15). The cause is currently unknown, but one hypothesis is
that a species of Vibrio bacteria may infect them. Bacteria thrive in warmer temperatures,
so seasonal cooling is an important moderator of bacteria populations. Climate forecasts
predict that winter temperatures will increase. Will this cause a Vibrio bacteria population
explosion? Students can design a computer model [SEP-2] by looking up laboratory
experiments on bacteria growth (freely available online) and have their model mimic
bacteria growth in ocean water temperatures that match climate forecasts. Students can
use the model to assess the impact on coastal tide pool populations that are infected by the
bacteria (HS-LS2-6). Other similar problems can be modeled such as the rise in malaria as
2016 California Science Framework

Chapter 7

837

The Living Earth
mosquitoes extend their range to higher elevations or changing growing conditions suitable
for rice, wheat, and other food staples (due to changes in rainfall and temperature). The
chemistry section of the High School Four-Course Model (chapter 8) describes a similar
simulation exploring the impact of ocean acidification on plankton species. Fully meeting
HS-ESS3-6 requires that students not only obtain information about the problem, but also
use simulations of the interaction of different Earth systems (including the biosphere) to
demonstrate the specific impacts of human activities. They can also use these computer
simulations to evaluate potential solutions to these problems (HS-ETS1-4).

High School Three-Course Model Living Earth Snapshot 7.5:
Food Diaries
Everyday phenomenon: Different people eat different foods each day.

Ms. M partnered with the health teacher at her school to have students
record everything they ate and drank for three days. Students entered
their diets into an online tool (USDA “Supertracker” at http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link16) that reported their intake of different
nutrients and they examined their individual diets in the health class. In Ms. M’s class,
they used a different online tool to calculate the total carbon emissions from the
production and transport of their food (CleanMetrics “Food Carbon Emissions Calculator”
at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link17). Students then entered all their data
into a single online spreadsheet to compare each student’s carbon footprint from food
and intake of nutrients like fat, sodium, carbohydrates, and fiber (though Ms. M hid
the column with student names). The class analyzed the data [SEP-4] and noticed
several patterns [CCC-1] , such as students that ate more vegetables and less meat
had lower carbon footprints. Ms. M. asked students to create an infographic illustrating
the foods that are both healthy for people and healthy for the climate. They prepared a
presentation communicating [SEP-8] their findings to the people that ran the school
lunch program and posted their infographic in the cafeteria.
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Engineering Connection: Conservation Biology
When conservation biologists develop strategies to save endangered and threatened
species, they are engaging in one form of engineering design. Conservation biologists
help save these species by (1) supporting the use of wildlife corridors, which
link large areas of land to other large areas so animals can migrate safely; (2)
developing breeding programs for protecting endangered species; (3) identifying
specific hotspots of species-rich regions worthy of extra protection and determining
plans that provide sufficient protection; (4) arguing for the maintenance of larger
environment regions instead of habitat fragmentation; (5) observing genetic diversity in
small populations; and (6) monitoring the effects of climate change on all ecosystems.
As climate shifts, some organisms might need to migrate to new locations during
part or all of the year, but their pathways could be interrupted by a freeway, fence,
or other obstacle. Teachers can present students with a challenge to evaluate several
possible plans for a wildlife corridor beneath a freeway and the possible expansion of a
protected open space, which would allow them to use engineering design practices to
solve a real-world problem [SEP-6] in an ecosystem using the tools and strategies of
conservation biology. As they obtain more information [SEP-8] , including the needs of
people as well as plants and other animals, they refine their solution (EP&C V; HS-LS2-7).

High School Three-Course Model Living Earth Snapshot 7.6:
Shrinking Pika Habitat
Anchoring phenomenon: Pikas live only at high elevations (and are adorable).

Mr. R started class off by showing a slideshow of adorable creatures called
pikas that live in the eastern Sierra Nevada and other mountains around
the world. Pikas’ bodies are so well adapted to the colder climates of
higher elevations that they can overheat in warm temperatures and die in
temperatures as low as 80°F after a few hours. While other animals can relocate to higher
locations in the mountains, pikas already live at the highest elevations and they could not
survive the migration down from one high peak to another. The pikas serve a unique role
in the high-altitude ecosystems where they live: they build piles of grass that help fertilize
the soil and fix nitrogen and they are also a food source for larger predators within the
sparsely populated high altitude regions. Without an understanding of the interwoven
nature of life with the Earth’s systems it is hard to justify what all the fuss is about for a
single small organism.
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High School Three-Course Model Living Earth Snapshot 7.6:
Shrinking Pika Habitat
Investigative phenomenon: Global warming will increase the temperatures at
high elevations.

Mr. R told students that they would be making a kinesthetic model [SEP-2] , a model
using their bodies, demonstrating the effects of climate change on pikas. Mr. R scattered a
supply of wooden sticks on the soccer field before class to represent plants that the pikas
would collect for their winter food supplies. He placed orange cones in a triangle shape with
the peak of the triangle representing the peak of a mountain and the long side representing
the lowest point on the mountain where pikas could survive. If they strayed below that line,
they would overheat and could die. Each person played the part of a pika and had to collect
sticks and bring them back to their burrow, one at a time (pikas cannot carry much). By
the time winter came, they had to have collected 10 sticks. Students ran around frantically
collecting sticks until Mr. R announced the coming of winter. He then shrank the area
enclosed by the cones announcing that global warming had reduced the area. Students
found that there were insufficient sticks for all of them to survive. He repeated the
process a third time, keeping the size of the mountain constant but giving students more
time to search for sticks, representing a longer summer. More of the pikas survive.
Students returned to the computer lab and Mr. R showed them a computer simulation
of the exact situation that they encountered in the kinesthetic activity (HS-ETS1-4). He
emphasized that both were examples of models [SEP-2] . Students could adjust the
temperature and watch how the size of the pika habitat shrank and grew. The simulation
was sophisticated and students could adjust the temperature month-by-month. They could
explore the effect [CCC-2] of longer summers and see how that affected vegetation
growth (so that pikas had more food available) or warmer winters, in which pikas needed
less food to survive. Students then visited the California Energy Commissions, Cal-Adapt
Web site (http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link18) and found specific temperature
forecasts for the habitat of the pika in the Eastern Sierra (HS-ESS3-5). They saw that the
average temperature in August was expected to rise by 10°F between 2000 and 2100
under one scenario, but only 3°F if humans emit less carbon dioxide from their use of
fossil fuels (figure 7.14). Students quickly entered the temperature changes into their
simulator to explore the impact of the predictions on the pika.
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High School Three-Course Model Living Earth Snapshot 7.6:
Shrinking Pika Habitat
Figure 7.14: Temperature Forecast for Habitat of the Pika

Source: California Energy Commission 2015

Investigative phenomenon: What can people do to protect pikas and the rest
of their ecosystem?

Students recognize from the simulator that pikas do much better under the lowemission scenario than the high-emissions scenario (HS-ESS3-6). Students can analyze
the problem and identify protection of the entire ecosystem as part of their criteria for
their solution (HS-ETS1-1). As the environment warms what can humans do to help the
pikas and their ecosystem? Students need to break the problem down into smaller, more
manageable problems (HS-ETS1-2), identifying criteria and constraints for successful
solutions, and then comparing alternative solutions against the criteria and constraints to
determine which is most likely be successful. They then modify the computer simulation
they used earlier to include the effects of their solution (HS-LS4-6). How can they
parameterize their solution in computer code? How much does it benefit the pikas?
Source: Inspired by Parks Climate Challenge 2009
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Many solutions to these problems may focus on addressing the causes of climate change,
such as the global reliance on fossil fuels for energy generation. Both the chemistry and
physics sections of the High School Four-Course Model (chapter 8) consider these questions
and links should be made to those courses. In the past, comparative costs of different
energy sources have been based on dollar cost to the consumer, but new studies have taken
into account a wider variety of costs including degradation of natural ecosystems, health
impacts, and water and air pollution. This course on the living Earth is uniquely positioned
to emphasize the importance of these measures when evaluating competing design
solutions in all disciplines (HS-ETS1-3). Content from the EEI curriculum helps support many
of these concepts, including the lessons on biodiversity: The Keystone to Life on Earth and
the Greenhouse Effect on Natural Systems.
Teachers of the high school biology course may want to culminate with a project in
which students apply what they have learned about how organisms maintain life. For
example, students could compare and contrast how a few different organisms maintain life
(e.g. human, redwood tree, and E. coli). The students should use evidence [SEP-7] to
support their explanations [SEP-6] and they should effectively communicate [SEP-8]
their models [SEP-2] .
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LIVING EARTH VIGNETTE 7.1: ANALYZING THE PAST, PRESENT, AND FUTURE
OF MARINE MAMMAL EVOLUTION
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-2. Use mathematical representations to support and revise explanations based on
evidence about factors affecting biodiversity and populations in ecosystems of different scales.
[Clarification Statement: Examples of mathematical representations include finding the average,
determining trends, and using graphical comparisons of multiple sets of data.] [Assessment
Boundary: Assessment is limited to provided data.]
HS-LS2-6. Evaluate the claims, evidence, and reasoning that the complex interactions in
ecosystems maintain relatively consistent numbers and types of organisms in stable conditions,
but changing conditions may result in a new ecosystem. [Clarification Statement: Examples of
changes in ecosystem conditions could include modest biological or physical changes, such as
moderate hunting or a seasonal flood; and extreme changes, such as volcanic eruption or sea
level rise.]
HS-LS4-1. Communicate scientific information that common ancestry and biological evolution
are supported by multiple lines of empirical evidence. [Clarification Statement: Emphasis is on
a conceptual understanding of the role each line of evidence has relating to common ancestry
and biological evolution. Examples of evidence could include similarities in DNA sequences,
anatomical structures, and order of appearance of structures in embryological development.]
HS-LS4-5. Evaluate the evidence supporting claims that changes in environmental conditions
may result in: (1) increases in the number of individuals of some species, (2) the emergence
of new species over time, and (3) the extinction of other species. [Clarification Statement:
Emphasis is on determining cause and effect relationships for how changes to the environment
such as deforestation, fishing, application of fertilizers, drought, flood, and the rate of change of
the environment affect distribution or disappearance of traits in species.]
HS-ESS2-7. Construct an argument based on evidence about the simultaneous coevolution of
Earth’s systems and life on Earth. [Clarification Statement: Emphasis is on the dynamic causes,
effects, and feedbacks between the biosphere and Earth’s other systems, whereby geoscience
factors control the evolution of life, which in turn continuously alters Earth’s surface. Examples
include how photosynthetic life altered the atmosphere through the production of oxygen, which
in turn increased weathering rates and allowed for the evolution of animal life; how microbial life
on land increased the formation of soil, which in turn allowed for the evolution of land plants; or
how the evolution of corals created reefs that altered patterns of erosion and deposition along
coastlines and provided habitats for the evolution of new life forms.] [Assessment Boundary:
Assessment does not include a comprehensive understanding of the mechanisms of how the
biosphere interacts with all of Earth’s other systems.]
HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities
on natural systems.* [Clarification Statement: Examples of data on the impacts of human
activities could include the quantities and types of pollutants released, changes to biomass
and species diversity, or areal changes in land surface use (such as for urban development,
agriculture and livestock, or surface mining). Examples for limiting future impacts could range
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LIVING EARTH VIGNETTE 7.1: ANALYZING THE PAST, PRESENT, AND FUTURE
OF MARINE MAMMAL EVOLUTION
from local efforts (such as reducing, reusing, and recycling resources) to large-scale
geoengineering design solutions (such as altering global temperatures by making large changes
to the atmosphere or ocean).]
HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity.* [Clarification
Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere,
cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human
activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic
biomass on land and an increase in ocean acidification, with resulting impacts on sea organism
health and marine populations.] [Assessment Boundary: Assessment does not include running
computational representations but is limited to using the published results of scientific
computational models.]
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics, as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-5] Using Mathematics
and Computational Thinking

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science) and
Designing Explanations (for
engineering)

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

[CCC-3] Scale, Proportion
and Quantity

LS4.A: Evidence of Common
Ancestry and Diversity

[SEP-7] Engaging in
Argument from Evidence

[CCC-4] System and
System Models

LS4.C: Adaptation

[SEP-8] Obtaining, Evaluating,
and Communicating
Information

[CCC-7] Stability and
Change

ESS2.E Biogeology

ESS2.D: Weather and Climate

[CCC-2] Cause and Effect

ESS3.C: Human Impacts on
Earth Systems
ESS3.D: Global Climate Change
ETS1.B: Developing Possible
Solutions
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Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: S-ID.1, 6, 9; S-IC.6; MP.1, MP.2, MP.4, MP.7
CA CCSS for ELA/Literacy Connections: W.9–10.1a–f, 6; SL.9–10.1a–d, 4; RST.9–10.1, 3, 7,
9; WHST.9–10.1a–e, 6, 7, 9
CA ELD Connections: ELD.9–10.P1.1, 3, 6, 10

Introduction
Climate is an environmental factor from the geosphere that has a strong impact on
populations in the biosphere. In this vignette, students examine how both year-to-year
fluctuations in weather conditions and longer-term trends in climate have affected marine
mammal populations. They analyze a variety of data sets, including fossils, amino acid
sequences, population census, and temperature reconstructions over geologic time to identify
patterns and correlations that provide clues to cause and effect relationships. Students are
expected to integrate their knowledge of Earth systems and ecosystems as the changes
introduced involve complex interactions among plate motions, climate, human activities,
evolution, and population dynamics. While the data sets provide clues, there are no easy
answers in this vignette—evidence supports many possible interpretations and no simple
model is sufficient to explain all the observations. This complexity and uncertainty make the
vignette an ideal culmination of the Living Earth course.
Length and position in course: This vignette describes two to three weeks of instruction
that integrate many aspects of the Living Earth course.
Teacher background: Marine mammals include three different types: whales and
dolphins (infraorder Cetacea), manatees and dugongs (order Sirenea), and seals and sea
lions (clade Pinnipedia). Each type occurs at a different level of taxonomy. For simplicity,
this activity refers to each by their common names. Despite their many similarities, these
organisms evolved independently from different land mammals around the same times and in
response to the same environmental conditions.
5E Lesson Design: This sequence is based on an iterative 5E model. See chapter 11 on
instructional strategies in this framework for tips on implementing 5E lessons.
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Day 1: Problems Affecting Diverse Marine Mammals
Students are introduced to local challenges to marine mammals. They obtain and evaluate
information about three different types of marine mammals. They ask questions about
whether their similarities were inherited from a common ancestor.
Day 2: Fossil Evidence for Evolution
Students analyze a sequence of fossils, using patterns to trace the evolution of different
marine mammals back to different land-dwelling ancestors.
Day 3: DNA Evidence for Evolution
Students analyze sequences of amino acids to determine relative similarity between the
DNA of different marine and land-dwelling animals. DNA evidence confirms that the three
different marine mammal species evolved separately from one another.
Days 4–5: Animals Evolve in Response to Climate Change
Students ask questions about the influence of climate changes on the evolution and
biodiversity of different marine mammal species. They obtain information to support claims
about complex cause and effect chains: changes caused by plate motion in the shape of
ocean basins that caused changes in ocean currents that caused changes in climate that
influenced evolution.
Days 6–7: Predicting Future Climate Impacts
Knowing that marine mammal species have been so strongly influenced by climate
changes in the past, students analyze data about shorter-term impacts from El Niño on sea
lion populations.
Days 8–10: Human Impacts and Human Solutions
Students obtain information about the extinct Steller’s sea cow to debate whether climate
changes or human impacts caused its downfall. They evaluate different design solutions to
protect modern day marine mammal populations.

Day 1: Problems Affecting Diverse Marine Mammals (Engage)
Anchoring phenomenon: In 2015, marine mammal experts rescued three times the
usual number of stranded sea lion pups on Southern California beaches.

Students watched a video that introduced the anchoring phenomenon about record
numbers of sea lion pups rescued on Southern California beaches. The movie claimed that the
mystery remains unsolved, but climate change may be to blame. Students discussed initial
ideas about how climate change could have played a role. On the road to evaluating this claim
during subsequent days, students investigated how marine mammals responded to ancient
climate shifts and then analyzed recent trends.
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To ensure that students had some basic background knowledge about the diversity of
marine mammals, Mr. T organized a jigsaw during which each student obtained information
[SEP-8] to become experts about one of the three major types of marine mammals: seals
(Pinnapedia), whales and dolphins (Cetacea), and manatees (Sirenia). Experts shared all
sorts of facts: where they live, what they eat, how they gather food, how big they are, how
they sleep, how they breathe, their mating habits, and more. Groups with an expert on each
type evaluated their combined information [SEP-8] by making a Venn diagram comparing
the three types. Mr. T then had students develop questions [SEP-1] about the evolutionary
history of marine mammals by looking at the diagram. When did each type of marine
mammal evolve? What environmental factors caused them to evolve this way? How do marine
mammals relate to regular land dwelling mammals? Is it possible that all these organisms
evolved from a common ancestor that had the features at the center of the Venn diagram?
Day 2: Fossil Evidence for Evolution (Explore)
Investigative phenomenon: The ancestors of ancient marine mammals have slowly
changed over time (in both body shape and the shapes of external structures).

Scientists trace the evolutionary history of animals using a range of tools, including fossils.
On day 2, students reconstructed the evolutionary sequence of each type of marine mammal.
Mr. T provided each expert team a stack of cards. Each one showed a diagram of a complete
skeleton of an ancestor to the team’s marine mammal. The top card was the modern-day skeleton but all the rest of the fossils were in random order; the students had to put them in their
correct evolutionary sequence. Mr. T explained that this process was quite different from the way
paleontologists complete their work—each fossil came from a layer of rock in a known sequence
and often a known age. The jumbled sequence, he explained, helps students pay close attention
to the gradual progressions that exemplify many evolutionary changes. Students related these
gradual progressions back to the initial questions they developed in day 1. Students did not
need to understand much about marine mammal anatomy—their goal was to analyze [SEP-4]
patterns [CCC-1] such as the tail is getting longer or the teeth are shrinking.
Mr. T had them tape their cards along the wall in sequence and add sticky notes to
emphasize features that changed from frame to frame. Students then returned to their mixed
jigsaw groups to lead tours of their fossil sequence to experts from other groups. Mr. T asked
the students to evaluate if all the fossil sequences started from a common ancestor. They
discovered that all three of these marine mammals evolved from land mammals that walked
on four legs and had long tails, each one from a distinctly different looking creature. Seals
evolved from something like an otter while the ancestor of the whale was the size and shape
of something like a cross between a dog and a very large rat. Students ended the day by
reflecting on what they had discovered by writing a brief argument [SEP-7] refuting the
statement, “Whales, manatees, and seals all evolved from a common ancestor.” What
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evidence would they expect to find if this statement were true? Did they find that evidence?
The shared traits of these different marine mammals exemplify convergent evolution.
Day 3: DNA Evidence for Evolution (Explore)
Convergent evolution is easy to notice, but how does it happen? On day 3, students learned
how genome mapping illustrates the evolutionary history of organisms. To review what students
learned earlier in the year about DNA and heritability, Mr. T wore a geeky science t-shirt that
said: “98 percent Chimpanzee” on the front and “50 percent banana” on the back. He began
class by asking students to explain the shirt’s joke. He then had students do a think-pair-share in
which they responded to the questions: What are the implications of humans being 98 percent
chimpanzee? What does this information allow us to predict about humans and chimps.
Investigative phenomenon: The amino acid sequence in the protein cytochrome C
is similar for many animals, but there are notable differences.

Mr. T informed them that they would do some simple analysis of DNA sequences to
see how numbers like these percentages on his t-shirt were constructed. He gave a short
mini lecture on genome mapping and genetic barcoding. Students needed enough basic
background to interpret data from genome mapping of marine mammals to infer how closely
related two organisms were. He provided lab teams with amino acid sequences of a protein
common to many organisms, cytochrome C.7 The list contains about two-dozen animals. The
DNA of a grey whale was identified at the top of the list, but the rest were simply labeled
“Organism A, B, C, etc.” Like the previous day, they focused on the pattern [CCC-1] of
the amino acids rather than trying to understand the details. Students tried to arrange the
organisms in order of how closely related they were to the grey whale. Mr. T then revealed the
actual organisms (including fungus, wheat, dog, and penguin). Students discovered that, at
least for this one protein, the grey whale is more closely related to cows than it is to seals or
manatees. While this is just one small section of DNA, it confirms the fossil evidence that the
organisms evolved from different species of land animals rather than a single common marine
ancestor. Mr. T had students return to their previous day’s argument [SEP-7] and extend it
with the new DNA evidence (HS-LS4-1).

7. Evolution & the Nature of Science Institutes. 2001. “The Cytochrome-C Lab.” http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link167; Students can also learn to access proteins from mapped genomes directly from the National Center for
Biotechnology, “Cytochrome C Southern Elephant Seal.” http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link168
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Days 4–5: Animals Evolve in Response to Climate Change (Explain)
Investigative Phenomenon: Three separate species of land mammals all evolved to
become entirely aquatic organisms.

Whatever the genetic mechanism, three separate species of land animals all evolved
to become entirely aquatic organisms. Why? The general trend in evolution has been for
organisms to emerge from the water, so what conditions led the three marine mammal types
to return? Mr. T had students begin by writing a short story that described a possible scenario
that would explain why separate land animals returned to the ocean. He invited them to be
creative with their ideas, but they needed to be consistent with the previous concepts they
had learned in the class. What sort of evidence did they expect to find if their story is true?
They revisited their story at the end of this activity.
Investigative Phenomenon: The diversity of marine mammals has shrunk and
grown over the last 60 million years.

Students returned to fossil evidence to look at when each species evolved. They plotted
and analyzed data [SEP-4] showing the number of genera of each type of marine mammal
alive at different points in geologic time (figure 7.15). Students analyzed one marine mammal
in jigsaw groups before coming together to compare them.
Figure 7.15. Diversity of Marine Mammals Over the Last 60 Million Years

Chart by M. d’Alessio with data from Uhen 2007 and Hansen et al. 2013
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Students found that whales and manatees evolved at nearly the exact same time ~50 million
years ago, thrived for about 10 million years, and then started to die off. The diversity then
exploded dramatically to a peak around 10 million years ago (around the same time that seals
first evolved), only to have all three types of marine mammals collapse simultaneously a few
million years later. Mr. T invited students to ask testable questions about why these creatures
shared such a similar history even though they evolved independently. Groups asked things
like, “Did they evolve at the same time because a new food source evolved in the ocean?”
and “Did they start to die out because of an asteroid?” Mr. T focused on the group that asked,
“Was there something about the environment that changed at 50 million years ago?” He asked
them what sort of physical changes could occur, and climate was one possibility.
Investigative Phenomenon: Some of the changes in marine mammal diversity occur
at the same time as major changes in global temperature.

Mr. T provided the class with another graph showing a reconstruction of global
temperatures. Students used the graphs to present possible explanations of some of the
changes in biodiversity (HS-LS2-2, HS-LS4-5). Could whales and manatees have escaped
into the water to avoid exceptionally high temperatures at the time? Or did the warmer
temperatures simply make food sources more abundant in the ocean? Could the expansion of
all marine mammals starting around 18 million years ago (Ma) be related to a slight warming
known as the Middle Miocene Climatic Optimum (perhaps causing an explosion in ocean
productivity)? Could the collapse shortly thereafter be related to the cooling trend a few
million years later? Students read some short articles and Mr. T provided a mini-lecture to help
students understand the relationship between temperature and marine biological productivity
and how this relates to what may have happened during the Middle Miocene Climate
Optimum. Mr. T had students draw a concept map (a pictorial model [SEP-2] ) illustrating
some of the cause and effect relationships they saw in the data (figure 7.16).
Figure 7.16. Concept Map Illustrating Cause-and-Effect Relationships

Diagram by M. d’Alessio
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When students saw cause and effect relationships between climate change and biodiversity, they
also wondered about what caused such dramatic climate fluctuations. Mr. T had students discuss
an article that described some surprising ties between the motion of Earth’s tectonic plates and
climate. For example, when the Tethys Sea closed sometime between 20 and 15 Ma, it may have
disrupted global wind and ocean currents so much that the planet began a dramatic cooling.
That cooling affected marine mammal diversity. After the reading, Mr. T had students extend their
concept map model (figure 7.17) showing the complex chain of cause and effect [CCC-2] (7.17A
and B). He had them use their diagrams to debate the claim [SEP-7] that “whales would not
have evolved without plate tectonics.” (HS-ESS2-7). Students finished the activity by returning to
their stories from the beginning of day 4. Did their stories match the evidence?
Figure 7.17. Extended Concept Map Showing Chains of Cause and Effect

Diagram by M. d’Alessio
Days 6–7: Predicting Future Climate Impacts (Explain)
The entire history of marine mammals in the past depends in part on changes in the climate,
but how will future climate change affect today’s populations? While the effects of long-term
climate change are hard to model, short-term changes to global temperature are becoming
increasingly common due to El Niño. Examining the effects of these short-term changes
provides insight into the ways ecosystems might respond to longer-term changes. Students
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returned to questions from day 1 about sea lion populations. They used a spreadsheet to plot
and analyze [SEP-4] sea lion population over the last 40 years (figure 7.18).
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Figure 7.18. Sea Lion Pup Population and El Niño Intensity
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Chart by M. d’Alessio with data from National Oceanic and Atmospheric Administration
Fisheries 2015 and Climate Prediction Center 2015
Investigative Phenomenon: Sea lion populations have increased over the last 40
years but seem to undergo population collapses every few years.

Students recognized two important features in the data: (1) sea lion populations have
generally increased since the mid-1970s; and (2) every few years, there is a sudden reduction
in the number of sea lion pups. They considered the overall growth trend on day 7, but on day
6 they focused on the cause [CCC-2] of the periodic reductions. Students discovered that
sea lion pups tend to suffer severe die-offs in years when El Niño is extreme. They began to
create a model for the exact mechanism by which El Niño affects sea lions by graphing the
availability of their favorite food sources, fish such as sardines and anchovies (see California
Academy of Sciences 2015). Since the cause and effect chains have many steps, students
continued to use concept maps to record their understanding, building part of 7.17C. They
used their model to evaluate the claim that El Niño’s fluctuations have caused changes in
the sea lion populations (HS-LS2-6). Students plotted data from the amount of fish caught
by commercial fishermen, so Mr. T also led a discussion about how these changes not only
impact sea lions, but they also impact human populations (EP&C I).
Students then read articles to obtain information [SEP-8] about computer simulations
that predict how El Niño would change as climate changes. Some models show that El Niño
would probably not occur more frequently, but the intensity of El Niño and La Niña might
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increase, causing larger fluctuations from year to year (HS-ESS3-6; EP&C III). Will sea
lions be able to adapt to these unstable [CCC-7] conditions? Students added their new
understanding of cause and effect to their concept map models.
Day 8: Human Impacts (Elaborate)
Students noticed that the population of sea lions in the United States had been growing
steadily since the 1970s. Could this be related to climate change? The small but steady
temperature increases in the ocean were unlikely to be strong enough to have such a dramatic
impact. What besides climate could have such a dramatic impact on animal populations?
Human activities. The United States Congress passed the Marine Mammal Protection Act in
1972, which makes marine mammal conservation a priority. Mr. T told students that this act
was put in place in time to protect sea lion populations, but it was not early enough to save all
of California’s marine mammals. The fossil record reveals one more exciting surprise.
Investigative Phenomenon: Fossils indicate that Steller’s sea cows, giant manatees,
once lived off of California. These organisms were last seen alive by explorers in the
1700s near a remote island in Alaska but have since become extinct.

Students reviewed videos and Internet resources to obtain information [SEP-8] about
the Steller’s sea cow, finding that it is the largest manatee species known (growing up to 9
meters long—nearly three times the size of Florida’s well known manatees). When explorers
first encountered it in 1741, it was abundant but only found in a few isolated pockets around
uninhabited islands off the far western tip of the Aleutian Islands near Russia. Within 27
years of its discovery by Europeans, it was hunted to extinction. The Steller’s sea cow was
the last branch of a genetic tree that diverged from the rest of the manatee and dugong
family more than 20 million years ago. As recently as 20,000 years ago, it extended along
the rim of the North Pacific as far south as Japan and Monterey Bay in California. Since they
only survived in places without human civilization, some scientists speculate that human
hunting in the last 10,000 years contributed to their demise. Others note a number of other
species also died out in that time period because of a major shift in climate at the end of the
last ice age. Students collected evidence and engaged in a debate [SEP-7] about whether
early humans, European explorers, or natural climate change were most responsible for their
extinction (EP&C II). To prepare for the debate, students constructed a concept map model to
represent the different possible causes of the extinction (7.17D). Mr. T also prompted students
to investigate the rate of change [CCC-7] in the last 10,000 years versus some of the other
changes in the evolution of marine mammals they learned about on previous days.
Days 9–10: Human Solutions (Evaluate)
Students had been posting their concept map diagrams and their data plots on the walls
around the classroom throughout the week. To evaluate whether or not students could link
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their evidence to their model, Mr. T highlighted one specific relationship on a concept map
and asked a student to point to the specific feature in a specific graph or informational article
that provided evidence for this link. He repeated this prompt for a variety of linkages on the
concept maps and then reversed the process by holding up a graph and asking students to
identify where its interpretation was represented on the concept map models.
Investigative Phenomenon: How can people reduce their impact on marine mammal
populations? .

Students finished this instructional segment evaluating competing design solutions for
reducing human impacts on marine mammal populations (HS-ESS3-4, HS-ETS1-3). Mr. T
asked his students to decide between two possible challenges: preserving habitat for seals
and sea lions in coastal California or managing overfishing in the waters of the Gulf of
California where humpback whales birth their calves. He presented teams with handouts that
allowed them to define the problem [SEP-1] , including pressures from human activities
and climate change. Different teams received handouts identifying one of several different
alternatives and students created a presentation communicating [SEP-8] the pros and cons
of the plan (EP&C V). The students continued this activity the following week.

Vignette Debrief
As the culmination of the entire course, this vignette showed how the biosphere,
geosphere, and anthrosphere interact.
SEPs. A major focus of the vignette was on having students analyze [SEP-4] different
data sets and notice that they exhibit patterns [CCC-1] . These correlations invited students
to ask questions [SEP-1] about possible cause and effect relationships [CCC-2] . The
evolution of marine mammals presented sequences of complex chains of cause and effect
relationships, so the vignette relied on concept maps as pictorial models [SEP-2] to
represent them. Students used these models to help structure arguments [SEP-7] such as
the debate on day 8 and the assessment on day 9.
DCIs. Students examined evidence of common ancestry from homologous structures,
fossil sequences, and DNA similarity (LS4.A) in the first 3 days of the lesson. They then sought
to explain the evolutionary sequence of land mammals migrating to the ocean in terms of
adapting to environmental changes (LS2.C, LS4.C). Many of these changes were related
to human impacts (ESS3.C) on global climate (ESS2.D, ESS3.D), and they used computer
simulations to predict future changes to marine mammal populations on days 6 and 7 given
different climate change scenarios. While the lesson emphasized how earth systems influence
the evolution of biological systems, it also briefly touched upon the role biodiversity plays in
maintaining the concentration of greenhouse gases in the atmosphere (fig. 7.17B; ESS3.E).
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CCCs. While students comprehend cause and effect from a very early age, the analyses in
this lesson sequence demonstrated the rich and complex understanding of cause and effect
[CCC-2] at the high school level. Students learned to use evidence to distinguish between
several possible causal mechanisms and recognized that several factors may contribute with
different amounts of influence. They also could model complex chains of cause and effect
(as in figures 7.16 and 7.17) that also included feedback loops (as in figure 7.17D) that could
reinforce or counterbalance change [CCC-7] . This lesson also illustrated how high school
students could integrate evidence from a range of different timescales [CCC-3] , noticing
that the short-term changes in ocean temperature from El Niño from year to year and the
slow changes in global climate over millions of years can both influence populations and
survival via the same basic mechanism. Abrupt changes from year to year can add up to a
steady evolutionary change [CCC-7] .
EP&Cs. Humans have the capacity to affect marine mammals in so many ways. Humans
can directly hunt and kill animals as they did with the Steller’s sea cow (day 8, EP&C II), but
they can also alter natural systems (EP&C III) so strongly that they influence the climate. In
addition to having to adapt to the changes in their own living conditions, climate change can
also disrupt food supplies such as marine fish such that humanity suffers much like the sea
lions pups (EP&C I). As students explored some of these impacts on days 8–10, they designed
solutions that had to meet the long-term needs of society and the ecosystem as well as being
tolerable in the short term for society (EP&C V).
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
instructional sequence, students participated in pair, group, and whole class discussions
(SL.9–10.1a–d). They engaged in reading informational texts to identify key pieces of
evidence (RST.9–10.1, 3, 7, 9). The students also produced several types of writing including
an argument and a short story (WHST.9–10.1a–e, 6, 7, 9). In the vignette, students were also
asked to analyze several data sets looking for patterns and possible causes for population
changes (S-ID 1, 6, 9; S-IC 6) Students were also asked to create a formal presentation to
exhibit their findings (SL-9–10.4.a).

Resources:
Climate Prediction Center. 2015. Oceanic Nino Index. http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link19
Hansen, James, Makiko Sato, Gary Russell, and Pushker Kharecha. 2013. “Climate Sensitivity,
Sea Level and Atmospheric Carbon Dioxide.” Philosophical Transactions of the Royal Society
A 371 (2001).
National Oceanic and Atmospheric Administration Fisheries. 2015. “California Sea Lion
(Zalophus Californianus): U.S. Stock.” Silver Springs, MD: NOAA Fisheries. http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link20
Uhen, Mark D. 2007. “Evolution of Marine Mammals: Back to the Sea after 300 Million Years.”
The Anatomical Record: Advances in Integrative Anatomy and Evolutionary Biology 290 (6):
514–522.
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Chemistry in the Earth System:
Integrating Chemistry and Earth and Space Science
Introduction
This course explains how chemical processes help drive the Earth system [CCC-4] .
Earth and space scientists require a strong background in the fundamentals of matter
[CCC-5] and chemistry in order to interpret processes that shape the Earth system. A

raindrop falls through the air, interacting with the CO2 and becoming slightly acidic. Water
that would have simply flowed through rock, if neutral, now reacts with the minerals in the
rock and turns them into clay that will easily erode. Ocean water reacts with volcanic rocks
on the ocean bottom so that their physical properties change [CCC-7] completely. When
these rocks are dragged down into the Earth along plate boundaries, minerals that were
once strong enough to withstand great forces now act as lubricants along this great plate
boundary fault system. Heat generated deep within the Earth flows outward by conduction
and convection, working to equalize the temperature difference between Earth’s interior
and outer space. This expression of thermodynamics turns an otherwise dead planet into a
hotbed of geologic activity plagued by volcanoes and earthquakes. In each case, an Earth or
space scientist is studying the chemistry of the situation, perhaps using a computer model
to fast forward millions of years of chemical reactions to explain what we see on Earth
today. Alongside this scientist is a team of engineers, hoping to use this understanding to
design and test solutions to many of society’s problems, from natural hazards to global
warming or to minimize our impact on the natural world.
Chemistry teachers may not have a strong Earth science background. While it is true
that there may be details and historical background that are new, the physical processes
are not. Everything in the world is made of matter and chemists study matter. In fact, Earth
and space science applications are excellent motivations to the study of physical laws. Earth
science can be a door into chemistry.
Even a chemistry teacher that is enthusiastic about this integration in principle may still
feel apprehensive about teaching a course that deals with a discipline they may never have
studied. Research on self-efficacy shows that a teacher that is not confident will not teach
as effectively, often reverting to tasks with low cognitive demand rather than the rich threedimensional learning expected by California Next Generation Science Standards (CA NGSS).
Districts should be mindful and allocate resources to professional learning and collaborative
planning time so that teachers can learn from one another. No matter what resources are
allocated, teachers will still have to choose how to react to the change.
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Purpose and Limitations of this Example Course
The CA NGSS do not specify which phenomena to explore or the order to address topics
because phenomena should be relevant to the students in each community and should flow
in an authentic manner. This chapter illustrates one possible set of phenomena that will help
students achieve the CA NGSS performance expectations. Many of the phenomena selected
illustrate California’s Environmental Principles and Concepts (EP&Cs), which are an essential
part of the CA NGSS (see chapter 1 of this framework). However, the phenomena chosen for
this statewide document will not be ideal for every classroom in a state as large and diverse
as California. Teachers are therefore encouraged to select phenomena that will engage their
students and use this chapter’s examples as inspiration for designing their own instructional
sequence. For example, the course could be restructured around contemporary issues of
health or ecosystem change faced by a local community.
This example course is divided into instructional segments (IS) centered on questions
about observations of a specific phenomenon. Different phenomena require different
amounts of investigation to explore and understand, so each instructional segment
should take a different fraction of the school year. As students achieve the performance
expectations within the instructional segment, they uncover disciplinary core ideas
(DCIs) from physical science, Earth and space science, and engineering. Students engage

in multiple practices in each instructional segment, not only those explicitly indicated in
the performance expectations. Students also focus on one or two crosscutting concepts
(CCCs) as tools to make sense of their observations and investigations; the CCCs are

recurring themes in all disciplines of science and engineering and help tie these seemingly
disparate fields together.
This chapter clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction to
science, serves as a senior capstone that integrates and applies science learning from all
previous science courses, or aligns with the expectations of Advanced Placement (AP) or
International Baccalaureate (IB) curriculum.

Example Course Mapping for an integrated Chemistry and Earth and
Space Science Course
The sequence of this example course (table 7.4) is based on a specific storyline about
climate change [CCC-7] (figure 7.19). It begins with a tangible example of combustion
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and food calorimetry, and indeed the combustion of fossil fuels and release of heat, carbon
dioxide, and water is a fundamental thread that ties together most of the sections of the
course and ensures that chemistry concepts are able to be placed in the context of Earth’s
systems. While many chemistry courses begin with the study of the atom, this course
begins with macroscopic observations of a familiar phenomenon (combustion). The next
instructional segment zooms into the microscopic, but begins with simple interactions
between particles to explain thermal energy [CCC-5] and how it is exchanged within
systems. Students then apply their understanding of heat flow to see its role in driving plate
tectonics within the Earth system. Only after students are firmly thinking about matter as
particles do they zoom in and look at the nature of the particles themselves by studying
atoms and how their behaviors are categorized into the periodic table. Students are now
equipped to model simple chemical reactions. They return to the combustion chemical
reaction and consider the impact that the product of this reaction, carbon dioxide, has
on the global climate system. Students consider more advanced chemical reactions and
then apply their understanding of chemical equilibrium to a very real problem of ocean
acidification, which is also caused by changes in carbon dioxide concentrations in the
atmosphere. In the end, students will have explored the fundamentals of chemistry and
essential roles that these processes play in Earth’s solid geosphere, its liquid hydrosphere,
and its gaseous atmosphere.
Table 7.4. Overview of Instructional Segments for High School Three-Course Model
Chemistry in the Earth System

1

Combustion
In this brief introductory unit, students investigate the
amount of stored chemical potential energy in food. They
make observations of material properties at the bulk scale
that they will later explain at the atomic scale. The themes of
combustion and CO2 tie together several of the instructional
segments.

2

Heat and Energy in the Earth System
Students develop models of energy conservation within
systems and the mechanisms of heat flow. They relate
macroscopic heat transport to atomic scale interactions of
particles, which they will apply in later units to construct
models of interactions between atoms. They use evidence from
Earth’s surface to infer the heat transport processes at work in
the planet’s interior.
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3

Atoms, Elements, and Molecules
Students recognize patterns in the properties and
behavior of elements, as illustrated on the periodic table.
They use these patterns to develop a model of the interior
structure of atoms and to predict how different atoms will
interact based on their electron configurations. They use
chemical equations to represent these interactions and begin
to make simple stoichiometric calculations.

4

Chemical Reactions
Students refine their models of chemical bonds and
chemical reactions. They compare the strength of different
types of bonds and attractions and develop models of how
energy is stored and released in chemical reactions.

5

Chemistry of Climate Change
Students develop models of energy flow in Earth’s
climate. They revisit combustion reactions from IS1 to focus
on emissions from fossil fuel energy sources. They apply
models of the structures of molecules to explain how different
molecules trap heat in the atmosphere. Students evaluate
different chemical engineering solutions that can reduce the
impacts of climate change.

6

Dynamics of Chemical Reactions and
Ocean Acidification
Students investigate the effects of fossil fuel combustion
on ocean chemistry. They develop models of equilibrium
in chemical reactions and design systems that can shift
the equilibrium. Students conduct original research on the
interaction between ocean water and shell-building organisms.

Sources: Giardino 2006; M. d’Alessio; M. d’Alessio; Amitchell125 2011; adapted from Geophysical
Fluid Dynamics Laboratory 2007; Acropora 2011; A.M. Lebow n.d.
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Figure 7.19. Conceptual Flow of Instructional Segments in Example High School
Chemistry in the Earth System Course
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Sources: Savery 1628; Giardino 2006; M. d’Alessio; adapted from National Oceanic and Atmospheric
Administration and National Centers for Environmental Information with Cooperative Institute
for Research in Environmental Science 2008; adapted from NASA/Goddard Space Flight Center
Scientific Visualization Studio 2002; M. d’Alessio; Amitchell125 2011; adapted from Geophysical
Fluid Dynamics Laboratory 2007; Acropora 2011; A.M. Lebow n.d.
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Chemistry in the Earth System Instructional Segment 1:
Combustion
Understanding chemistry allows us to understand the world around us and to
make decisions and discoveries to improve the quality of life. Often we do not notice the
direct influence of chemistry in our lives, but it is all around us. From the neodymium magnets
that vibrate our cell phones to the chemical reactions that go on inside our bodies, chemistry
is often overlooked and taken for granted. In this short introductory instructional segment,
students investigate [SEP-3] a simple chemical system and begin to ask questions [SEP-1]
about it. This instructional segment lays the foundation for achieving several performance
expectations but is not designed in a way that students fully meet any of them upon
completion. The instructional segment is instead used to set the stage for the entire course,
illustrating many of the phenomena that students will investigate, model, and explain.

CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 1:
COMBUSTION
Guiding Questions
• What is energy, how is it measured, and how does it flow within a system?
• What mechanisms allow us to utilize the energy of our foods and fuels?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-3. Plan and conduct an investigation to gather evidence to compare the structure
of substances at the bulk scale to infer the strength of electrical forces between particles.
[Clarification Statement: Emphasis is on understanding the strengths of forces between
particles, not on naming specific intermolecular forces (such as dipole-dipole). Examples of
particles could include ions, atoms, molecules, and networked materials (such as graphite).
Examples of bulk properties of substances could include the melting point and boiling point,
vapor pressure, and surface tension.] [Assessment Boundary: Assessment does not include
Raoult’s law calculations of vapor pressure.] (Introduced, but not assessed until IS3)
HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a
chemical reaction system depends upon the changes in total bond energy. [Clarification
Statement: Emphasis is on the idea that a chemical reaction is a system that affects the energy
change. Examples of models could include molecular-level drawings and diagrams of reactions,
graphs showing the relative energies of reactants and products, and representations showing
energy is conserved.] [Assessment Boundary: Assessment does not include calculating the
total bond energy changes during a chemical reaction from the bond energies of reactants and
products.] (Introduced, but not assessed until IS4)
HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore
mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using
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HIGH SCHOOL THREE-COURSE MODEL CHEMISTRY IN THE EARTH SYSTEM
INSTRUCTIONAL SEGMENT 1: COMBUSTION
mathematical ideas to communicate the proportional relationships between masses of atoms in
the reactants and the products, and the translation of these relationships to the macroscopic
scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on
assessing students’ use of mathematical thinking and not on memorization and rote application
of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex
chemical reactions.] (Introduced, but not assessed until IS3. Revisited in IS4 and IS6)
HS-PS3-1. Create a computational model to calculate the change in the energy of one
component in a system when the change in energy of the other component(s) and energy flows
in and out of the system are known. [Clarification Statement: Emphasis is on explaining the
meaning of mathematical expressions used in the model.] [Assessment Boundary: Assessment is
limited to basic algebraic expressions or computations; to systems of two or three components;
and to thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric
fields.] (Introduced, but not assessed until IS2)
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary Core
Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

PS1.A: Structure and Properties of
Matter

[CCC-1] Patterns

[SEP-3] Planning and
Carrying Out Investigations

PS1.B: Chemical Reactions

[SEP-5] Using Mathematical
and Computational
Thinking

PS3.B: Conservation of Energy and
Energy Transfer

PS3.A: Definitions of Energy

[CCC-4] Systems and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

PS3.D: Energy and Chemical
Processes in Everyday Life

CA CCSS Math Connections: N-Q.1–3; MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1; WHST.9–12.7, 8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students begin by examining nutrition labels of different foods where they will find a
surprising amount of chemistry. They might notice familiar measures of mass or volume,
names of chemical elements, and some ingredients with complex multi-syllabic names of
chemical compounds. Students should ask questions [SEP-1] about what different items
mean and why they are included on the label. Students are commonly familiar with the idea
of Calories, but may ask what Calories are, and how they are measured. These questions
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drive an investigation using a standard calorimetry experiment to measure the energy
output of different foods. The experiment can be done with a soda can. Students light a nut
or other high-Calorie snack food on fire 8 below a metal can containing a measured amount
of water. The burning food transfers energy to the water in the can. By measuring the
temperature increase in the water, students calculate the amount of energy [CCC-5]
transferred, which can be measured in the familiar unit of Calories (HS-PS3-1). The
experimental results tend to be inconsistent, so different lab groups should pool their results
to identify outliers before comparing their results to nutrition label values. As they analyze
the data [SEP-4] from the whole class, they notice patterns [CCC-1] , such as the larger

the change in food mass, the greater the temperature increase of the water. Students will
investigate the detailed mechanism of that energy release related to changes [CCC-7] in
bond energy [CCC-5] in IS4 (HS-PS1-4).
Students then represent this system with a pictorial model [SEP-2] by drawing a
diagram of the components and interactions. Energy flows [CCC-5] represent cause
and effect [CCC-2] relationships and students should label them as arrows with specific

descriptions articulating how the energy flows from one place to another. In grade five,
students calculated that mass is conserved during heating (5-PS1-2), but the mass of this
chemical system appears to have changed [CCC-7] . Many students will incorrectly state
that the mass of the food was converted to the energy of the heating (a process that
only occurs in nuclear fusion). In IS4, students will revisit this system and realize that the
missing atoms escaped the system [CCC-4] as hot gases—the products of combustion—
and not because they disappeared completely (HS-PS1-7). The experimental results tend to
systematically underestimate the energy of the food compared to nutrition labels. Students
can use their model to speculate about the reasons for the difference.
When given time devoted to asking questions [SEP-1] about their experiment, students
wonder if the results would differ if they used a tin can instead of an aluminum one or a
different liquid instead of water, perhaps the soda that was originally in the aluminum can.
This question motivates an extension to the original investigation that allows students to
recognize specific heat capacity and thermal conductivity as bulk properties of substances,
which they will later explain in terms of electrical forces between particles (HS-PS1-3).
Students repeat the experiment using different liquids and different cans, while monitoring
the temperature change [CCC-7] over time both while the nut is burning and afterwards as

8. This activity is an optimal time to discuss lab safety with students at the beginning of the year, including fire safety and
attentiveness to nut allergies.
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the liquid and the room converge to a more uniform temperature (HS-PS3-4). With careful
measurements, students should discover a slight difference between freshwater and water
with sugar or salt added. The difference in bulk properties must relate to some sort of
microscopic interaction between the salt and the water that students will investigate in IS3.
The difference is more dramatic when they try cooking oil. (Safety reminder: students
should always wear protective lab wear including goggles and aprons.) Students might
wonder what the difference is between cooking oil and water that makes these materials
respond to the heat differently. Before moving on, students should relate the combustion in
this experiment to the real world. They should make a list of all the places that they know
where things burn and they will revisit them in IS5 as they discuss the impact of burning
fossil fuels on global climate (ESS3.D).

Chemistry in the Earth System Instructional Segment 2:
Heat and Energy in the Earth System
As a precursor to understanding endothermic and exothermic chemical reactions,
reaction kinetics, or gas laws, students need a robust model of matter moving around as
discrete particles that interact. In IS2, students investigate the laws of thermodynamics in
systems as small as atoms and as large as the entire Earth.
CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 2:
HEAT AND ENERGY IN THE EARTH SYSTEM
Guiding Questions
• How is energy transferred and conserved?
• How can energy be harnessed to perform useful tasks?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS3-1. Create a computational model to calculate the change in the energy of one
component in a system when the change in energy of the other component(s) and energy flows in
and out of the system are known. [Clarification Statement: Emphasis is on explaining the meaning
of mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited
to basic algebraic expressions or computations; to systems of two or three components; and to
thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.]
HS-PS3-2. Develop and use models to illustrate that energy at the macroscopic scale can be
accounted for as a combination of energy associated with the motions of particles (objects)
and energy associated with the relative position of particles (objects). [Clarification Statement:
Examples of phenomena at the macroscopic scale could include the conversion of kinetic
energy to thermal energy, the energy stored due to position of an object above the earth, and
the energy stored between two electrically-charged plates. Examples of models could include
diagrams, drawings, descriptions, and computer simulations.]
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CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 2:
HEAT AND ENERGY IN THE EARTH SYSTEM
HS-PS3-4. Plan and conduct an investigation to provide evidence that the transfer of thermal
energy when two components of different temperature are combined within a closed system
results in a more uniform energy distribution among the components in the system (second
law of thermodynamics). [Clarification Statement: Emphasis is on analyzing data from student
investigations and using mathematical thinking to describe the energy changes both quantitatively
and conceptually. Examples of investigations could include mixing liquids at different initial
temperatures or adding objects at different temperatures to water.] [Assessment Boundary:
Assessment is limited to investigations based on materials and tools provided to students.]
HS-ESS2-3. Develop a model based on evidence of Earth’s interior to describe the cycling of
matter by thermal convection. [Clarification Statement: Emphasis is on both a one-dimensional
model of Earth, with radial layers determined by density, and a three-dimensional model, which
is controlled by mantle convection and the resulting plate tectonics. Examples of evidence
include maps of Earth’s three-dimensional structure obtained from seismic waves, records of the
rate of change of Earth’s magnetic field (as constraints on convection in the outer core), and
identification of the composition of Earth’s layers from high-pressure laboratory experiments.]
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

PS3.A: Definitions of Energy

[CCC-4] Systems and
System Models

[SEP-3] Planning and
Carrying Out Investigations

PS3.B: Conservation of Energy and
Energy Transfer
PS3.D: Energy in Chemical Processes

[SEP-5] Using Mathematics
and Computational
Thinking

PS4.A: Wave Properties

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS2.B: Plate Tectonics and LargeScale System Interactions

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

ESS2.A: Earth Materials and
Systems

ETS1.B: Developing Possible
Solutions

CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4b
CA CCSS for ELA/Literacy Connections: SL.11–12.4, 5; RST.11–12.1, 2, 8; WHST.9–12.7, 8, 9
CA ELD Connections: ELD. PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Energy [CCC-5] is perhaps the most unifying crosscutting concept in all of science.

Energy is a property of both matter and radiation and is manifested as the capacity to
perform work, such as causing the motion or interaction of molecules on a micro- scale
[CCC-3] , or the movement of machines or planets on a macro-scale. Energy can be

converted in form, but neither created nor destroyed. On the microscopic scale, energy
can be modeled [SEP-2] as the motion of particles or as force fields (electric, magnetic,
gravitational) that enable interactions between such particles. At the macroscopic
scale, energy is manifested in a variety of phenomena, such as motion, light, sound,
electromagnetic fields, and heat.
The study of thermal energy forms an important bridge between the bulk properties of
matter and the atomic scale processes governing chemical reactions. In the middle grades,
students developed models of matter made of moving particles, the velocity of which
depends on their temperature (MS-PS1-4). In chemistry, they will learn that these particles
do not just bounce off one another but can interact, and that sometimes these interactions
can break up the particles into smaller constituent pieces. High school chemistry students
also rely on measurements of temperature at the bulk scale to interpret chemical changes,
so it is essential that students have a robust model of what temperature means. They
dissolve materials in water and need to be able to extend their basic model of liquids and
solids to explain what happens to both materials when they interact.
As students develop core ideas of thermodynamics, they should always be trying
to understand them in the context of a model of matter as discrete moving particles.
For example, The Zeroth Law of Thermodynamics states that two systems that are in
thermodynamic equilibrium have the same temperature and will not exchange heat with
each other. This concept follows from the claim in the middle grades that changes in motion
correspond to changes in energy (MS-PS3-5). If, however, two closed systems with different
temperatures are brought into thermal contact, heat will flow from the system of higher
temperature to the system of lower temperature just as an object can transfer some of its
kinetic energy to another object when they collide.
The first law of thermodynamics states that the total energy [CCC-5] of an isolated
system is constant, and that although energy can be transformed from one form to another,
it cannot be created nor destroyed. The conservation of energy [CCC-5] is thus a unifying
theme in science because energy must always be accounted for in all exchanges, inviting
scientists to study its flow throughout the complex biological, chemical, physical, geological,
and astronomical systems they study. Energy [CCC-5] transfers between organisms in
food webs, by wind and ocean currents on Earth, and by light from one astronomical body
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to another have all been a focus throughout their K–8 experience in the CA NGSS. In the
middle grades, students developed specific models for describing energy transfer in moving
objects (MS-PS3-5) and systems storing potential energy (MS-PS3-2).
The second law of thermodynamics defines the conditions under which energy will
flow [CCC-5] between components in a system. Isolated systems always progress toward

thermodynamic equilibrium with maximum entropy. In other words, systems strive towards
a uniform energy distribution among all the components. At the middle grade level,
students developed a model [SEP-2] of individual particles that move around at speeds
related to their temperature (MS-PS1-4). They also examined the forces involved in colliding
objects through an engineering challenge (MS-PS2-1). Now they can combine their intuition
about these two systems to enhance their model [SEP-2] of heat flow. If a moving car
crashes into a stationary one, the moving car slows down while the stationary car receives
energy and begins to move. Since matter [CCC-5] involves countless particles involved
in countless collisions, this process repeats over and over again with the particles having
more kinetic energy always transferring energy to objects with less kinetic energy. When
two objects are touching, energy [CCC-5] is transferred in this manner until the average
kinetic energy of the particles in the objects is the same. Energy continues to move back
and forth during collisions, but each object gains as much as it loses during any given point
in time. Students will plan and conduct an investigation [SEP-3] “to provide evidence that
the transfer of thermal energy when two components of different temperature are combined
within a closed system results in a more uniform energy distribution among the components
in the system” (HS-PS3-4).
Despite the fact that a scientific model for the second law is presented earlier in this
paragraph before describing the investigation, the order in the classroom would probably
differ so that students do more than just verify it experimentally. An inquiry-driven
investigation to monitor temperatures that culminates with a scientific explanation
[SEP-6] resembling the second law is more consistent with the tools in chapter 11 on

“Instructional Strategies” in this framework (and would definitely meet this performance
expectation). Regardless of the order, students should be provided appropriate materials
so that they can perform experiments such as measuring the temperature of two bodies of
water before and after mixing, or the temperatures of metal blocks and water prior to, and
following immersion. By repeating these investigations [SEP-3] with differing quantities of
materials, students can apply the concept of scale, proportion, and quantity [CCC-3] to
predict temperature changes [CCC-7] , equilibrium conditions, and magnitudes of energy
transferred (HS-PS3-1).
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At the macroscopic scale [CCC-3] , there are several different heat-flow mechanisms
by which the second law operates: conduction, convection, and radiation. Students can
relate each of these processes to the motion of individual particles (HS-PS3-2). Conduction
involves the direct collision of particles, so denser materials will transmit heat faster than
less dense ones. Students can construct an explanation [SEP-6] about why solids are
much better at transferring heat by conduction than liquids or gases because of their
greater density. During their investigations [SEP-3] of the second law, students might
have noticed that heat transfer involving liquids included mixing and movement of the
liquids (easily visualized with food coloring). In liquids and gases, faster moving particles
can slide past or push away slower moving particles, allowing density-driven convection
to occur. Radiation represents the conversion of kinetic energy to electromagnetic energy
due to the movement and collisions of charged particles. Students learn more about this
mechanism in the High School Three Course Model: Physics of the Universe course. Online
simulations allow students to visualize each of these processes at the microscopic scale
[CCC-3] (see PhET Simulations http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link21).

Computational models [SEP-2] are also an excellent way to explore heat transfer
at the macroscopic scale [CCC-3] . The investigations [SEP-3] into the second law of
thermodynamics can be done easily using free computer models designed for educational
environments where students can set the material properties, geometry of systems, and
initial conditions (see Concord Consortium, “Energy2D: Interactive Heat Transfer Simulations
for Everyone” at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link22). Unlike a real investigation,
there are no measurement errors, the model visualization can be paused or watched
multiple times, and scenarios that are impractical to study in real life can be tested easily
on the computer. An excellent challenge is to have students revisit the food calorimetry
experiment from IS1 and retrace the flow of heat in a computer simulation (figure 7.20).
Students can observe convection, conduction, and even simulate the effects [CCC-2]
of wind blowing through the room. To extend their modeling [SEP-2] of heat flow to
different contexts, students can use online computational models [SEP-2] for simulating
the flow of thermal energy [CCC-5] through a wall, taking into account numerous criteria
such as different wall materials and different initial temperatures on both sides of the wall
(HS-ETS1-4).
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Figure 7.20. Heat-Flow Simulation

Visualizing heat flow using a computer simulation. Colors represent temperature at every point in the
model. Source: Concord Consortium n.d.

Heat Transport on Planet Earth
The drive towards thermal equilibrium operates on a massive scale [CCC-3] inside
the Earth, with major implications for plate motions. Earth’s interior is expected to be hot
(from heat-generating radioactive elements in the interior), while its surface is adjacent to
the cold emptiness of space. Students can analyze [SEP-4] temperature measurements
from boreholes that show the temperature of rocks is warmer as you probe deeper into the
Earth. Students can support the claim [SEP-7] that heat transfers from the hot interior
outward. Convection is an extremely efficient heat transport mechanism that occurs when
hot material rises upward because it is less dense and colder material sinks because it
is denser. A simple lava lamp or any of the various published demos involving ice, warm
water, and drops of food coloring are simple examples of models [SEP-2] of convection.
Students developed a model [SEP-2] of convection at Earth’s surface in the middle grades
(MS-ESS2-6), and now they extend it to processes inside the Earth.
Students must develop a model [SEP-2] of Earth’s interior and use evidence
to support the claim [SEP-7] that its interior is convecting. Lava lamps are not
perfect models [SEP-2] of convection in Earth’s interior because there is strong evidence
from seismic waves that most of the interior is not a liquid. One type of seismic wave from
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earthquakes, called S-waves, cannot travel through liquids. When an earthquake occurs on
one side of the planet, the shaking can be recorded over a huge section of the planet as
waves travel straight through the Earth. Stations on the exact opposite side of the Earth
from the earthquake, however, do not record S-waves. This S-wave shadow is evidence that
there is a liquid layer within Earth’s core. When scientists take common Earth materials in a
lab and expose them to the temperature and pressure that would exist in the core, they find
that the materials do indeed become liquid when the temperature is high enough. Students
can analyze data [SEP-5] from simplified seismograms taken from different locations
around the world and identify which stations recorded S-waves and which did not. By
drawing the path of seismic waves from the earthquake to each station, students can map
out how big this liquid layer must be (see IRIS “Determining and Measuring Earth’s Layered
Interior” http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link23). The rest of the interior must
therefore be solid.
If the interior of Earth is solid, how can it convect? After all, traditional chemistry
textbooks claim that convection cannot occur in a solid. The paradox is resolved by coming
up with a more sophisticated model [SEP-2] of solids and liquids that describes them on
a spectrum involving both viscous and elastic behaviors rather than being two completely
separate phases of matter like students may have discussed in the middle grades (MS-PS14). Water flows easily when poured slowly from a pitcher, but can feel painfully solid-like
when a person belly flops into a swimming pool because the water cannot flow out of the
way quickly enough. Polymer putty bends and oozes like a viscous fluid, but it will bounce if
you throw it against a wall. Rock acts in much the same way. The forces causing convection
inside the Earth push on the rock so slowly that it oozes like polymer putty. The fact that
categories students have been using to describe the phases of matter do not adequately
explain these behaviors of rock is an excellent example of CA NGSS’s learning progression
regarding patterns. While identifying patterns [CCC-1] and using them to classify and
categorize are cornerstones of the SEPs beginning in kindergarten, by grade twelve students
are expected to “recognize classifications or explanations used at one scale [CCC-3] may
not be useful or need revision using a different scale” (NGSS Lead States 2013a). This
revision process is at the heart of the nature of science.
Students can apply their model [SEP-2] of density-driven flow in rock not only to help
understand heat transfer, but also to see how these flows give rise to plate tectonics. When
hot material from Earth’s interior reaches the surface, it begins to cool and becomes denser.
Some of this dense material begins to sink back down, but unlike liquids in a lava lamp,
the sinking solid rock is part of a connected shell of rock that forms Earth’s lithosphere, its
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surface layer. As the dense material sinks, it drags along huge sections of the lithospheric
shell with it much like an anchor pulls a rope attached to it as it sinks. A huge section of
lithosphere dragged along as a single chunk is what we call a plate, and the movement of
plates is what we call plate tectonics.
There are many pieces of evidence that this motion is occurring: For one, scientists
can directly observe these motions using modern day Global Positioning System (GPS)
measurements (figure 7.21). One pattern [CCC-1] revealed in such measurements is that
large sections of the Earth all move together in the same direction at the same time (what
we call plates). This measurement technology has only been available since the late 1980s,
but scientists were able to observe other evidence that this motion is occurring by looking
at the age of the seafloor (figure 7.22). There are long stripes down the middle of many
oceans with very young seafloor in the center of the ocean basins and a clear pattern
[CCC-1] where the ages are symmetrically older in both directions away from the stripe of

youngest rocks. Students should be able to use seafloor ages and surface motion rates as
evidence that convection occurs in Earth’s interior. They can communicate [SEP-8]
their argument [SEP-7] with a pictorial model [SEP-2] of Earth’s interior that has
annotations to indicate how heat transfer drives movement within the Earth (HS-ESS2-3).
Figure 7.21. Present-Day Plate Motions

Velocities
relative
to Africa

Convergent
Transform
Divergent

1000 km

GPS Velocities
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Velocites from U.C. Berkeley’s BAVU1.01, 2004. Shown relative to stable Nubia as defined by Kreemer, 2003. Plate Boundaries from Peter Bird, UCLA 2003.
Compiled by M. d’Alessio, U.C. Berkeley under the DLESE CA Pilot Project.

GPS velocities recorded at stations around the world reveal present-day plate motions. Arrow size
relates to the speed of each point. Image credit: M. d’Alessio n.d.
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The mechanism causing new seafloor to form is another example of density-driven flow.
When two plates move apart from one another, the release of pressure allows solid material
to expand slightly, causing decompression melting. The melted magma is less dense than
the surrounding solid rock, so it quickly rises and forms new sections of lithosphere. As
the plates continue to move, this rock gets older and is dragged further from the plate
boundary.
Figure 7.22. Seafloor Age

Age of seaﬂoor (millions of years)
Seafloor age. Hot material from the mantle rises up and cools to form new rock material (with age of
zero) at the areas shown in red. Source: National Oceanic and Atmospheric Administration, National
Centers for Environmental Information 2008

This section on heat flow within the Earth illustrates how studying Earth and space
science and physical science concepts together enriches understanding of both disciplines.
In high school, students are expected to ask questions about whether or not processes that
act at one scale [CCC-3] are also significant at different scales of observation (appendix 1
of this framework). Students’ understanding of physical science benefits from studying the
role of convection in the Earth because it highlights the universality of thermodynamics—
principles that function at the scale [CCC-3] of a laboratory experiment also apply to
planetary-scale systems. Students’ understanding of Earth and space science benefits
because students then develop models that relate the driving forces of plate motions
to energy flow [CCC-5] . Students’ understanding of both sciences benefit from taking the
time to collect the evidence supporting plate motions because effective science includes
both conceptual models and observational evidence that supports those models.
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Chemistry in the Earth System Instructional Segment 3:
Atoms, Elements, and Molecules
The previous instructional segment examined the thermal interactions of objects
by looking at the energy [CCC-5] of microscopic particles that comprise them. Students
observed that different materials have different thermal properties, but they do not yet have
a good explanation about what causes these differences. In fact, their model [SEP-2] of
these particles does not yet differ much from the model [SEP-2] they developed in grade
five: objects are made of particles too small to be seen (5-PS1-1), modified slightly in the
middle grades when they defined some particles as molecules that are made of groups of
atoms held together in simple structures (MS-PS1-1). This instructional segment is the first
time that students actually discuss what an atom is and how it can explain so many of the
properties they have observed.
CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 3:
ATOMS, ELEMENTS, AND MOLECULES
Guiding Questions
• What is inside atoms and how does this affect how they interact?
• What models can we use to predict the outcomes of chemical reactions?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-1. Use the periodic table as a model to predict the relative properties of elements based
on the patterns of electrons in the outermost energy level of atoms. [Clarification Statement:
Examples of properties that could be predicted from patterns could include reactivity of metals,
types of bonds formed, numbers of bonds formed, and reactions with oxygen.] [Assessment
Boundary: Assessment is limited to main group elements. Assessment does not include
quantitative understanding of ionization energy beyond relative trends.]
HS-PS1-2. Construct and revise an explanation for the outcome of a simple chemical reaction
based on the outermost electron states of atoms, trends in the periodic table, and knowledge
of the patterns of chemical properties. [Clarification Statement: Examples of chemical reactions
could include the reaction of sodium and chlorine, of carbon and oxygen, or of carbon and
hydrogen.] [Assessment Boundary: Assessment is limited to chemical reactions involving main
group elements and combustion reactions.]
HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore
mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using
mathematical ideas to communicate the proportional relationships between masses of atoms in
the reactants and the products, and the translation of these relationships to the macroscopic
scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on
assessing students’ use of mathematical thinking and not on memorization and rote application
of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex
chemical reactions.] (Introduced here and revisited again in IS4 and IS6)
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CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 3:
ATOMS, ELEMENTS, AND MOLECULES
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.A: Structure and
Properties of matter

[CCC-1] Patterns

[SEP-5] Using Mathematics and
Computational Thinking

PS1.B: Chemical Reactions

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument
from Evidence
CA CCSS Math Connections: N-Q.1–3; MP.2
CA CCSS for ELA/Literacy Connections: SL.11–12.4; RST.9–10.7, WHST.11–12.2, 5
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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The performance expectation HS-PS1-1 requires that high school students build upon
this understanding by applying the periodic table as a model [SEP-2] to predict the relative
properties of elements based on the patterns of electrons in the outermost (valence) energy
level of atoms. The National Research Council’s A Framework for K–12 Science Education
(NRC Framework) states:
By the end of grade 12, students should understand that each atom has
a charged substructure consisting of a nucleus, which is made of protons
and neutrons, surrounded by electrons. The periodic table orders elements
horizontally by the number of protons in the atom’s nucleus and places those
with similar chemical properties in columns. The repeating patterns of this
table reflect patterns of outer electron states. The structure and interactions of
matter at the bulk scale are determined by electrical forces within and between
atoms. The stability of matter is increased when the electric and magnetic
field energy is minimized. A stable molecule has less energy, by an amount
known as the binding energy, than the same set of atoms separated, and one
must provide at least this energy in order to take the molecule apart. (National
Research Council 2012)
The performance expectations in the middle grades do not require students to develop
a model of the atom’s internal workings. This sequence differs from the 1998 California
Science Content Standards in which the internal workings of the atom were introduced in
eighth grade. It is conceivable that students highly proficient in the CA NGSS performance
expectations for the middle grades have never heard the words protons, neutrons, and
electrons. The CA NGSS learning progression has been designed so that this material
is introduced at a time when it is developmentally appropriate and integrates with their
learning in other disciplines (in this case, a formal description of electrical attraction with
Coulomb’s Law appears in high school physics). Students do, however, have significant
experience recognizing patterns [CCC-1] and asking questions [SEP-1] about them.
They have analyzed data [SEP-4] about the bulk properties of matter and are ready to
begin relating them to the components that make up atoms.
Memorizing rules about the periodic table is not sufficient to meet HS-PS1-1. Instead,
students must understand and apply underlying models [SEP-2] of atomic structure and
interaction along with the principle of cause and effect [CCC-2] . They use these models to
explain [SEP-6] why the properties of the elements repeat in a periodic fashion [CCC-1]

and can use the periodicity to predict bulk properties of elements, their reactivity, and the
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types and numbers of bonds they will form with other elements.
Dmitri Mendeleev, who developed the predecessor of the modern periodic table, realized
that the physical and chemical properties of elements were related to their atomic mass in
a predictable, periodic way. He arranged the 63 elements known when he was working so
that groups with similar properties fell into vertical columns in his table. Students can build
a mental model of how the periodic table is arranged by using a physical model [SEP-2] as
an analog. By arranging color chips from a paint store into a matrix based on color and hue,
students can understand the power of such models by predicting the existence of color/hue
chips that were removed from the final matrix before the chips were distributed. This exercise
mirrors the process Mendeleev used to predict the existence of elements not yet known.
Patterns [CCC-1] are a key crosscutting concept because they result from underlying

causes. Observed patterns not only guide organization and classification but also prompt
questions about relationships and the factors that influence them, and thereby lead to a
discussion of cause and effect [CCC-2] . When chemists organized elements in order of
increasing relative atomic mass, they noticed repeating, or periodic patterns. For example,
they noticed trends in chemical reactivity were punctuated by elements that were seemingly
inert as shown in the high ionization energies of the noble gases in figure 7.23. These patterns
led chemists to suppose that there were underlying causes that created these patterns.
The recognition of these patterns thus contributed to our understanding of atomic theory,
the key model [SEP-2] that students are expected to apply in this instructional segment.
Using dynamic computer-based periodic tables, students can easily investigate a variety of
properties (such as atomic radius, first ionization energy and electron affinity) and observe
periodic patterns [CCC-1] that provide evidence of patterns in underlying atomic structure.
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Figure 7.23. Patterns in the First Ionization Energy of Different Elements

As students analyze plots of the properties of the elements as a function of atomic number, they
should notice and discuss trends and patterns such as the comparatively low ionization energies of
the alkali metals versus the high ionization energies of the noble gases as seen in this plot of first
ionization energies. Source: RJHall 2010

The practice of developing and using models [SEP-2] in the CA NGSS often calls
for students to develop their own models based on evidence they obtain directly. It took
decades for the scientific community to develop models of the substructure of atoms that
explain the patterns in the periodic table. One approach to helping students develop their
own models is through a historical presentation of the evidence. A historical summary
demonstrates how these models were repeatedly revised following revolutionary discoveries,
starting with the billiard ball model and eventually culminating in Bohr’s model and our
modern quantum mechanical model. This sequence parallels the learning progression
outlined in the CA NGSS in which students come into high school chemistry with the
billiard ball model of atoms and leave with mastery of a more modern version (a quantum
mechanical model of the atom is not assessed as part of the CA NGSS, so the working
model adopted by individual classrooms depends on the local context. Bohr’s model
produces sufficient predictive power to meet the performance expectations in the CA
NGSS.) Students can make these models on their own by obtaining information [SEP-8]
from the Internet about various analogies of atomic structure (Goh, Chia, and Tan 1994)
and evaluating [SEP-8] the limitations of these models.
Students can then interpret the trends displayed in the periodic table in light of their
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underlying model for atomic structure. They relate the overall order of the periodic table
to the number of protons and electrons in the atom’s outermost energy level. Students
can then develop a simple model of interactions between atoms based on their electron
configuration (figure 7.24). They should be able to use the periodic patterns of electron
configuration in the periodic table to predict properties such as the overall reactivity of
metals and the number of bonds an atom can form (HS-PS1-1), as well as being able
to predict the outcome of simple chemical reactions (HS-PS1-2). For example, students
should be able to predict that sodium is likely to lose electrons when interacting with other
elements because it has only one loosely held electron in its valence shell, as indicated
by its position in the first family. Similarly, they should be able to predict that sodium
will react strongly with chlorine because chlorine tends to gain electrons due to its high
electronegativity associated with its nearly filled valence shell as indicated by its position in
the seventh family. Finally, they should be able to predict that the resulting sodium cation
and chloride anion will be attracted to each other and form an ionic bond by applying the
principles of electrostatic attraction.
Figure 7.24. Models of Atomic Structure Explain Periodic Trends

Na
Sodium atom

Cl
Chlorine atom

Na+
Sodium ion

ClChlorine atom

NaCl
Sodium Chloride
Students should predict trends within the periodic table based upon an application of models of atomic
structure such as the Bohr model and octet rule illustrated here. Source: Adapted from OpenStax
College 2013

It is not sufficient for students to memorize and blindly apply rules for chemical bonding.
Rather, they must develop explanations [SEP-6] for why atoms of main-group elements
tend to combine in such a way that each atom has a filled outer (valence) shell, giving it
the same electronic configuration as a noble gas (octet rule). To meet this performance
expectation, students must describe thermodynamic principles that dictate that atoms
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will react with one another to transition to a more stable (lower energy) state. Filled
orbitals, such as those that occur in a full octet state, are more symmetrical than other
configurations, and such symmetry leads to greater stability. In addition, the electrons
present in the different orbitals of the same sub-shell in a full octet can freely exchange
their positions, leading to a decrease in exchange of energy and thus a lower net energy.
The energy state is also affected by its electrical charge. Since opposites attract, an
electrically neutral state has lower energy, and thus is more stable, than an electrically
charged state. For example, students should be able to explain that table salt (NaCl) is the
result of Na+ ions and Cl- ions bonding. If sodium metal and chlorine gas mix under the
right conditions, they will form salt as the sodium loses an electron, and the chlorine gains
that electron. In the process, a great amount of light and heat is released, and the resulting
salt thus has much lower energy and is relatively unreactive and stable, and would not
undergo any explosive reactions like the sodium and chlorine that it is made of. Students
will return to this idea again when they discuss bonding energy in IS4.
HS-PS1-2 requires students to construct explanations [SEP-6] and argue from
evidence [SEP-7] rather than memorize facts and trends. Students should understand the

basis for trends and patterns [CCC-1] shown in figure 7.25 and be able to explain [SEP-6]
the different types of chemical reactions. Once students understand the reasons for the
trends observed in the periodic table, they can subsequently predict chemical reactions of
significance in the physical, biological, and Earth science realms. For example, by noting that
carbon is in the fourteenth family, students should conclude that it therefore has four valence
electrons that can be shared by such elements as hydrogen and oxygen and explain the
existence of hydrocarbons that make up fossil fuels based upon valence electron patterns.
Students could also explore different mineral families and see how atoms can substitute for
one another to produce gems with different colors or other properties (such as quartz which
is called amethyst when small amounts of iron substitute into the crystal lattice).
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Figure 7.25. Patterns and the Periodic Table

Students should understand the basis for trends and patterns in the periodic table, and be able to
explain the types of chemical reactions and resulting bonds that occur between elements. Source: M.
d’Alessio

Cycles of Matter in Chemical Reactions
As students study these simple combinations of atoms that make molecules, students
revisit the idea from the middle grades that chemical reactions rearrange atoms but matter
is conserved [CCC-5] (MS-PS1-5, MS-LS1-7). In high school, students use chemical

equations as mathematical models to illustrate the cycle of matter within these chemical
systems (HS-PS1-7). Students apply these basic principles of stoichiometry through
laboratory investigations [SEP-3] , problem solving, and reinforcement with apps and
programs. The word stoichiometry derives from two Greek words: stoicheion (meaning
element) and metron (meaning measure). Stoichiometry is based upon the law of the
conservation of mass and deals with calculations about the masses of reactants and
products involved in a chemical reaction. While stoichiometry can be challenging to students
and teachers alike, research shows that the more time students spent in high school
chemistry on stoichiometry, the greater success they had in college chemistry courses on
average (Tai, Sadler, and Loehr 2005).
The law of definite proportions [CCC-3] , sometimes called Proust’s Law, states
that a chemical compound always contains exactly the same proportion of elements by
mass. An equivalent statement is the law of constant composition, which states that all
samples of a given chemical compound have the same elemental composition by mass.
Students must learn that compounds appear in whole-number ratios of elements and
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that chemical reactions result in the rearrangement of these elements into other wholenumber ratios. Students can develop a deeper understanding of the principles involved
in HS-PS1-7 by massing and comparing the reactants and products of simple chemical
reactions. For example, if students dehydrate copper sulfate pentahydrate (CuSO4.5H2O)
into the anhydrous salt (CuSO4) by heating, they will find that the ratio of the mass of
the resulting copper sulfate (dry mass) to water (the mass lost in dehydration) is always
the same, regardless of how much copper sulfate pentahydrate is used. Students can
infer that because the ratio of the component molecules in such a dehydration reaction
remains constant, then the ratio of component elements must also remain constant. By
applying mathematical thinking [SEP-5] , students learn to balance chemical reactions and
predict relative quantities of products.

Chemistry in the Earth System Instructional Segment 4:
Chemical Reactions

CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 4:
CHEMICAL REACTIONS
Guiding Questions
• What holds atoms together in molecules?
• How do chemical reactions absorb and release energy?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-3. Plan and conduct an investigation to gather evidence to compare the structure
of substances at the bulk scale to infer the strength of electrical forces between particles.
[Clarification Statement: Emphasis is on understanding the strengths of forces between
particles, not on naming specific intermolecular forces (such as dipole-dipole). Examples of
particles could include ions, atoms, molecules, and networked materials (such as graphite).
Examples of bulk properties of substances could include the melting point and boiling point,
vapor pressure, and surface tension.] [Assessment Boundary: Assessment does not include
Raoult’s law calculations of vapor pressure.]
HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a chemical
reaction system depends upon the changes in total bond energy. [Clarification Statement:
Emphasis is on the idea that a chemical reaction is a system that affects the energy change.
Examples of models could include molecular-level drawings and diagrams of reactions, graphs
showing the relative energies of reactants and products, and representations showing energy
is conserved.] [Assessment Boundary: Assessment does not include calculating the total bond
energy changes during a chemical reaction from the bond energies of reactants and products.]
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CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 4:
CHEMICAL REACTIONS
HS-PS1-5. Apply scientific principles and evidence to provide an explanation about the effects
of changing the temperature or concentration of the reacting particles on the rate at which a
reaction occurs. [Clarification Statement: Emphasis is on student reasoning that focuses on the
number and energy of collisions between molecules.] [Assessment Boundary: Assessment is
limited to simple reactions in which there are only two reactants; evidence from temperature,
concentration, and rate data; and qualitative relationships between rate and temperature.]
HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore
mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using
mathematical ideas to communicate the proportional relationships between masses of atoms in
the reactants and the products, and the translation of these relationships to the macroscopic
scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on
assessing students’ use of mathematical thinking and not on memorization and rote application
of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex
chemical reactions.] (Introduced in IS3 and revisited again in IS6)
HS-PS2-4. Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s
Law to describe and predict the gravitational and electrostatic forces between objects.
[Clarification Statement: Emphasis is on both quantitative and conceptual descriptions of
gravitational and electric fields.] [Assessment Boundary: Assessment is limited to systems with
two objects.]
HS-PS3-5. Develop and use a model of two objects interacting through electric or magnetic
fields to illustrate the forces between objects and the changes in energy of the objects due to the
interaction. [Clarification Statement: Examples of models could include drawings, diagrams, and
texts, such as drawings of what happens when two charges of opposite polarity are near each
other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.A: Structure and
Properties of Matter

[CCC-1] Patterns

[SEP-3] Planning and Carrying
Out Investigations

PS1.B: Chemical Reactions

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-5] Using Mathematical and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
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CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 4:
CHEMICAL REACTIONS
CA CCSS Math Connections: A-SSE.1a–b, 3a–c; N-Q.1–3; MP.2; MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1, 2, 8; WHST.11–12.7, 8, 9
CA ELD Connections: ELD. PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students were introduced to chemical reactions in the middle grades. In particular, they
learned that substances react chemically in characteristic ways; and in a chemical process,
the atoms that make up the original substances are regrouped into different molecules, and
these new substances have different properties from those of the reactants. In addition,
they learned that the total number of each type of atom is conserved, and thus the mass
does not change; and that some chemical reactions release energy, others store energy
(PS1.B). Students in the middle grades demonstrated their understanding by analyzing and
interpreting data [SEP-4] on the properties of substances before and after the substances

interact to determine if chemical reactions have occurred (MS-PS1-2), and by developing
and using models [SEP-2] to describe how the total number of atoms does not change in a

chemical reaction and thus mass is conserved (MS-PS1-5).

Chemical Bonds as Attractions Between Particles
In this instructional segment, students build upon this understanding and their newly
acquired understanding of the properties and structure of matter (IS1 and IS2) to learn how
elements combine to form new compounds, the forces that hold them together, the forces
between particles and molecules, and the energy needed to break or form bonds. Students
will expand their conceptual model [SEP-2] of chemical bonding, which requires a shift
towards the three-dimensional learning of the CA NGSS (table 7.5).
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Table 7.5. Instructional Shifts for Chemical Bonding in the CA NGSS
LESS OF …

MORE OF …

Students are told, and memorize, that
ionic bonds result from the transfer of
electrons from one atom to another and
covalent bonds result from the sharing
of electrons between two atoms.
Students are then presented with
differences in the two types of bonding.
They conduct experiments to verify
these differences.

Students observe how materials behave on their
own and with other substances. They recognize
patterns [CCC-1] that allow them to determine
that there must be two different categories of
materials. They use evidence about the properties
to infer the strength and properties of the bonds
that hold the materials together. Eventually, they
label these categories with the appropriate
scientific terms of ionic and covalent bonds.

Observations at the macroscopic level give clues about the nature of chemical bonding
(HS-PS1-3). When students conduct an investigation [SEP-3] to measure the conductivity
of different solutions (salts, acids, bases, hydrocarbons, and oxides), they gather evidence
that there must be some relationship between electricity and material properties.
They use this evidence to support a model [SEP-2] of different types of chemical bonds
and attractions. When considering ionic bonds, this model includes attractions between
charged particles related to Coulomb’s Law, which is assessed in the high school Physics of
the Universe course (HS-PS2-4 and HS-PS3-5). Students will learn how the nuclei of some
atoms have enough attractive force to pull one, two, or three electrons away from another
nucleus that does not have the same attractive force on its own electrons. By applying the
principles of electrostatic attraction, students should be able to predict that the resulting
cations and anions will be attracted to each other and form ionic bonds. However, if either
ion feels a stronger attraction to a different particle, then the existing bond is easily broken.
Knowing that when salt dissolves in water, its bonds are broken, what can students infer
about the charge of water molecules?
Pure materials with high boiling points are more likely to be bonded together more
stably than materials with lower boiling points. As two non-metals come very close to one
another, the respective orbitals of the atoms overlap, trapping two electrons in the energy
field, creating the covalent bond (HS-PS3-5). Differences in how these ionic and covalent
bonds are created (figure 7.26) are often overlooked, resulting in oversimplified definitions.
To properly explain [SEP-6] the link between bulk effects and microscopic causes [CCC-2]
(HS-PS1-3), students must develop robust models of how these bonds form.
Students can also investigate [SEP-3] other forms of attraction such as polar
attractions and intermolecular forces. The clarification statement of HS-PS1-3 specifies
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that students do not need to refer to these attractions by name, but they should be able
to investigate properties like surface tension and viscosity and provide a model-based
explanation of how these properties relate to microscopic electromagnetic attractions.
Figure 7.26. Covalent, Polar Covalent, and Ionic Bonding
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Students should be able to develop and explain models of covalent, polar covalent, and ionic bonding.
Source: M d’Alessio

Energy in Chemical Bonds
From their work in the middle grades, students know that chemical reactions can absorb
and release energy (MS-PS1-6), but they did not develop a model of the mechanisms of
this energy release. HS-PS1-4 requires students to develop models [SEP-2] that illustrate
the release or absorption of energy [CCC-5] from chemical reactions. They begin their
model development by relating back to investigations at the bulk scale. Students can
build on their model of the ionic bond breaking between sodium and chlorine when salt is
dissolved in water. They can observe the water temperature decrease when they add salt,
even when both materials start at the same temperature. Does breaking the bond absorb
energy from the water? When sodium mixes with water, students observe that it gives off a
dramatic amount of energy as light and sound. Does sodium release energy when it forms
new bonds?
Students are now ready to use graphs, diagrams, and drawings to model [SEP-2]
changes in total bond energy, such as those shown in figure 7.27 and use these tools to
explain energy changes accompanying chemical reactions. The models in figure 7.27, like
many pictorial models that appear in textbooks, were drafted by scientists. The models that
those scientists produced when they were students were unlikely as simple and complete as
these final products, but they refined their models over the years. Revising models [SEP-2]
is an integral part of the nature of science.
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Figure 7.27. Models of Energy Changes in Chemical Reactions
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Examples of a range of graphs, diagrams and drawings developed by scientists as models of changes
in total bond energy. Students develop their own mental models for energy changes in chemical
reactions that they can express in pictorial models that may look like these. Source: M. d’Alessio.

In students’ models [SEP-2] of chemical reactions, original chemical bonds are broken
and new bonds form. Each of these changes affects the distribution of energy within
the chemical system, so they must extend their model [SEP-2] to include these energy
flows. Energy conservation [CCC-5] in chemical processes is, however, an abstract
concept and must be discussed and developed with care. Students conduct investigations
[SEP-3] to collect and analyze data [SEP-4] (both quantitative and descriptive

observations) to discover that some reactions appear to release energy to their environment
while others absorb it. In a more detailed model [SEP-2] of the energy flow, however,
all chemical reactions both absorb and release energy, just in differing amounts. Chemical
bonds are not tangible objects but actually the name given to a situation where two atoms
are attracted together by electric forces. Chemical reactions involve separating two atoms
(requiring work to overcome their attraction, just like lifting a heavy load against the force
of gravity) and bringing a different combination of the atoms closer together (which releases
energy, much like a falling ball converts gravitational potential energy to kinetic energy as it
is attracted to the Earth and moves closer to it). Whether or not a chemical reaction gives
off energy overall depends on the relative magnitudes of these two energies. Chemists
usually refer to the potential energy related to the relative position of two interacting atoms
in a chemical bond as the bond energy. By comparing the bond energy of the products with
the bond energy of the reactants, students can construct mathematical models [SEP-2] of
the energy in the system and predict whether or not energy will be absorbed or released.
When salt dissolves in water, new attractions between water and the sodium and chlorine
are weak, so the particles remain relatively far apart (releasing relatively little potential
energy). The temperature of water goes down when salt dissolves in it because much
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energy goes into breaking bonds, but less energy is released when the new attractions
form. Another example is the classic set of reactions that comprise photosynthesis and
respiration. The complex biochemistry of photosynthetic reactions is not necessary at this
stage, but the fact that the formation of biomass from carbon dioxide and water requires
energy input is an important understanding that has been stressed in earlier grades.
Energy input now can be understood in greater detail given the students’ comprehension
of the energetics of chemical bonds. The equations in figure 7.28 are the net result of a
number of other chemical reactions along the way (the various cycles involving ATP and
other intermediate molecules). The reason these other reactions are required is because
of the energy required to break bonds of the reactants apart (often called the activation
energy, which some models in figure 7.27 depict as a temporary increase in energy during
the chemical reaction). The intermediate stages involve certain proteins encoded by
deoxyribonucleic acid (DNA) to re-orient the molecules and reduce the activation energy.
Figure 7.28. Developmental Progression of Models of Energy in Chemical Reactions

Middle Grades

Introductory High School
Photosynthesis

Photosynthesis

Aerobic respiration
6 CO 2 + 6 H2 O + energy

energy out

C 6 H12 O6 +
6 O2
6 CO 2 +
6 H2O
progress of reaction

Aerobic respiration

bond energy

C 6 H12O 6 + 6 O 2

energy in

C 6 H12 O6 + 6 O2

Photosynthesis

Aerobic respiration

bond energy

6 CO 2 + 6 H 2O + energy

Advanced High School

C 6 H12 O 6 + series of intermediate
with smaller
6 O 2 reactions
activation energy

enabled by enzymes

6 CO 2 +
6 H2O
progress of reaction

Students can revise their models and make them more detailed over time. In the middle grades,
students use simplified equations for photosynthesis and aerobic respiration as a model of energy in
chemical reactions (left: note that middle grades students are not assessed on balancing chemical
equations). An introductory high school model of energy changes during these chemical reactions
includes details about bonding energy (middle). A more advanced model that integrates core ideas
from life science shows a series of intermediate chemical reactions inside cells each with a smaller
activation energy (right). Source: M. d’Alessio
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Chemistry in the Earth System Snapshot 7.7:
Chemical Energetics
Both the CA NGSS and the California Common Core State Standards for
Mathematics (CA CCSSM) include the practice of developing and using
models [SEP-2] . CA CCSS Math Practice Standard 4 (MP.4) states that high
school students should be able “to identify important quantities in a practical
situation and map their relationships using such tools as diagrams, two-way tables,
graphs, flowcharts and formulas.” Having taught for a number of years, Mr. S realized that
his chemistry students often memorized diagrams and charts presented in the textbook
without being able to apply these models to solving problems or explaining [SEP-6] the
complex phenomena that they represent.
Anchoring phenomenon: Hot and cold packs look identical on the outside but
use different ingredients to “spontaneously” change their temperature warmer or
cooler.

Mr. S developed a two-day lesson about modeling the energy in chemical bonds (HSPS1-4) as part of a larger instructional segment on chemical reactions. At the beginning
of class, Mr. S distributed reusable hot and cold packs used to treat sports injuries and
instructed his students to flex the bags, feel the change in temperature, measure the
temperature change using infrared thermometers obtained from the local building supply
store, and record these changes in a collaborative online database. Despite variations in
individual recordings among classmates, students noticed similar patterns [CCC-1] in the
temperature gains or losses for the hot and cold packs.
California Common Core State Standards for English Language Arts/Literacy in History/
Social Studies, Science, and Technical Subjects (CA CCSS for ELA/Literacy) standard
L.11–12.4b requires students “to apply knowledge of Greek, Latin, and Anglo-Saxon roots
and affixes to draw inferences concerning the meaning of scientific and mathematical
terminology.” Mr. H. wrote the words endothermic and exothermic on the board and
asked students to enter as many words as they know or can find that use the roots: end-,
ex- and therm- into an online form. Within a couple of minutes, the collaborative cloudbased list had grown to several dozen words, including exit, extinct, exotic, exoskeleton,
exocrine, extraterrestrial, endemic, endocrine, endosperm, thermometer, thermistor,
thermophilic, and thermoregulation. Mr. S then prompted his students to predict the
meaning of these roots based upon the meanings shared by the words that contain them.
Mr. S monitored their predictions as they entered them in an online input form and called
upon students whose digital responses demonstrated understanding and who had not
shared with the class recently. He asked these students to explain the meanings of these
roots and predict the meanings of the words endothermic and exothermic. After clarifying
that endothermic means absorbing heat, while exothermic means releasing heat, Mr. S
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Chemistry in the Earth System Snapshot 7.7:
Chemical Energetics
asked students to identify the hot and cold pack reactions as being either endothermic or
exothermic, and he once again assessed their responses from the online form.
Confident that his students had an intuitive understanding of exothermic and
endothermic reactions as well as the vocabulary to describe these reactions, Mr. S
projected a slide comparing several different annotated graphs (figure 7.27) and said,
“Different people drew these diagrams to describe chemical reactions. What patterns
[CCC-1] do you observe? Submit your thoughts to our online form.” Scanning student
responses, Mr. S formatively assessed the ability of his class to observe salient patterns,
and noticed that the majority had noted that multiple drawings included one or more
of the following features: two axes, time/progress axis, energy/enthalpy axis, changing
molecular models, changing chemical formulas, changing energy values, and/or arrows
indicating that energy is absorbed or released. Mr. S then selected Isabella, a student who
had not had an opportunity to share in the last few days, to explain her observations.
Isabella was confident that she has something significant to share because she knew
that Mr. S pre-screened student responses in the cloud and only called on students who
had demonstrated that they had something worth sharing. Isabella commented on the
similarities and differences between the diagrams and explained that the model in the
upper left might represent the heat pack while one next to it might represent the cold
pack. Mr. S asked her to provide evidence to support her argument [SEP-7] , which
she did. Mr. S then asked other students to share their observations and concluded by
emphasizing that there are multiple ways to model or represent natural phenomena, and
that each has its strengths and weaknesses. He then emphasized that some models are
better at explaining or predicting phenomena than others, and that we should strive to
improve our models [SEP-2] of the natural world to better explain the complex processes
they represent.
Mr. S emphasized the idea that a chemical reaction affects the energy change of
a system and can be modeled [SEP-2] with molecular-level drawings and diagrams
of reactions, graphs showing the relative energies of reactants and products, and
representations showing energy is conserved (also represented in figure 7.27). After
explaining each model, Mr. S assigned as homework an online quiz that assessed student
understanding of each type of model.
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Chemistry in the Earth System Snapshot 7.7:
Chemical Energetics
Investigative phenomenon: Different chemical reactions produce different
temperature changes.

On day 2, students planned and conducted investigations [SEP-3] using probes and
computer probeware to continuously monitor the temperature change accompanying the
following reactions:
1. CaO(s) + H2O(l)  Ca(OH)2(s)
(lime + water)
2. NH4NO3(s) + H2O (l)  NH4+(aq) + NO3-(aq)
(ionization of ammonium nitrate, a fertilizer)
3. HCl(dilute) + NaOH(dilute)  H2O + NaCl (neutralization)
4. NaCl + H2O  Na+(aq) + Cl-(aq) (dissolving table salt)
5. CaCl2 + H2O  Ca+(aq) + 2Cl-(aq) (de-icing roads)
6. NaHCO3(s) + HCl(aq)  H2O(l) + CO2(g) + NaCl(aq) (neutralization)
7. CH3COOH(aq) + NaHCO3(s)  CH3COONa(aq) + H2O(l) + CO2(g)
(baking soda and vinegar)
8. C12H22O11 + H2O (in 0.5M HCl)  C6H12O6 (glucose) + C6H12O6
(fructose) (decomposing table sugar)
9. KCl + H2O  K+(aq) + Cl-(aq) (dissolving potassium chloride)
10. NaCl + CH3COOH(aq)  Na+(aq) + CH3COO- + HCl
(preparing HCl to clean tarnished metals)
Students took screen captures of the temperature plots, classified each reaction as
endothermic or exothermic, and represented it using two or more of the model types
shown in figure 7.27, or an additional model type that they developed on their own. When
writing their lab reports, students applied scientific principles and evidence to construct
explanations [SEP-6] for the thermal changes [CCC-7] that they had observed in each
reaction.
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Mathematical Models of Chemical Energy
Students observed differences in the relative strength of different types of bonds and
attractions. Would they expect these differences to correlate to different amounts of energy
stored in these bonds? Students can analyze data [SEP-4] about binding energy from
published data tables or from their own investigations to look for patterns [CCC-1] .
The assessment boundary of HS-PS1-4 states that students will not be assessed within the
CA NGSS on calculations of total bond energy in chemical reactions. Even though students’
models of bond energy are only required to be conceptual, these calculations can provide more
advanced students opportunities to apply and improve their stoichiometry skills. For example,
students can predict the temperature change when they react a certain mass of reactants.

Chemistry in the Earth System Instructional Segment 5:
Chemistry of Climate Change
In this instructional segment students apply their understanding of chemical
reactions to global climate. Many of the key issues illustrated build on concepts related to
thermodynamics and energy [CCC-5] balances within systems (from IS2) and the products
of chemical reactions (from IS4). This instructional segment focuses on the natural cycle of
carbon and human impacts on it (EP&Cs III, IV). Since the carbon cycle is intricately linked
to all life on Earth, this instructional segment integrates with life science units in which students explore the impact of this physical science concept on the Earth system.

CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 5:
CHEMISTRY OF CLIMATE CHANGE
Guiding Questions
• What regulates weather and climate?
• What effects are humans having on the climate?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth’s surface can
create feedbacks that cause changes to other Earth systems. [Clarification Statement: Examples
should include climate feedbacks, such as how an increase in greenhouse gases causes a rise
in global temperatures that melts glacial ice, which reduces the amount of sunlight reflected
from Earth’s surface, increasing surface temperatures and further reducing the amount of ice.
Examples could also be taken from other system interactions, such as how the loss of ground
vegetation causes an increase in water runoff and soil erosion; how dammed rivers increase
groundwater recharge, decrease sediment transport, and increase coastal erosion; or how the
loss of wetlands causes a decrease in local humidity that further reduces the wetland extent.]

2016 California Science Framework

Chapter 7

891

Chemistry in the Earth System

CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 5:
CHEMISTRY OF CLIMATE CHANGE
HS-ESS2-4. Use a model to describe how variations in the flow of energy into and out of Earth’s
systems result in changes in climate. [Clarification Statement: Examples of the causes of climate
change differ by timescale, over 1-10 years: large volcanic eruption, ocean circulation; 10-100s
of years: changes in human activity, ocean circulation, solar output; 10-100s of thousands
of years: changes to Earth’s orbit and the orientation of its axis; and 10-100s of millions of
years: long-term changes in atmospheric composition.] [Assessment Boundary: Assessment of
the results of changes in climate is limited to changes in surface temperatures, precipitation
patterns, glacial ice volumes, sea levels, and biosphere distribution.]
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the
hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: The carbon
cycle is a property of the Earth system that arises from interactions among the hydrosphere,
atmosphere, geosphere, and biosphere. Emphasis is on modeling biogeochemical cycles that
include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including
humans), providing the foundation for living organisms.]
HS-ESS3-2. Evaluate competing design solutions for developing, managing, and utilizing energy
and mineral resources based on cost-benefit ratios.* [Clarification Statement: Emphasis is on the
conservation, recycling, and reuse of resources (such as minerals and metals) where possible,
and on minimizing impacts where it is not. Examples include developing best practices for
agricultural soil use, mining (for coal, tar sands, and oil shales), and pumping (for petroleum and
natural gas). Science knowledge indicates what can happen in natural systems—not what should
happen.]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature)
and their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and
ocean composition).] [Assessment Boundary: Assessment is limited to one example of a climate
change and its associated impacts.]
HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity.* [Clarification
Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere,
cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human
activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic
biomass on land and an increase in ocean acidification, with resulting impacts on sea organism
health and marine populations.] [Assessment Boundary: Assessment does not include running
computational representations but is limited to using the published results of scientific
computational models.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 5:
CHEMISTRY OF CLIMATE CHANGE
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS1.B: Earth and the Solar System

[SEP-4] Analyzing and
Interpreting Data

ESS2.D: Weather and Climate

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-5] Using Mathematics
and Computational
Thinking
[SEP-7] Engaging in
Argument from Evidence

ESS2.A: Earth Materials and Systems
PS3.B: Conservation of Energy and
Energy Transfer
PS3.D: Energy and Chemical
Processes in Everyday Life
PS4.B: Electromagnetic Radiation
ESS3.A: Natural Resources
ESS3.D: Global Climate Change

[CCC-4] Systems and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation
[CCC-7] Stability and
Change

Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: N-Q.1; F-LE.1b, c; S-ID.6, 7; MP. 1, MP. 2, MP. 3, MP.4
CA CCSS for ELA/Literacy Connections: SL.9–10.1c–d, SL.11–12.1c–d; WHST.9–10.4, 6, 9,
10; RST.9–10.1, 7, 9
CA ELD Connections: ELD.PI.9–10.1, 2, 3, 6a–b, 11a; ELD.PII.9–10.1

Students revisit the introductory activity in IS1 on combustion through the lens of
their new mental models [SEP-2] . Students likely have prior knowledge that combustion
requires oxygen and gives off energy [CCC-5] in the same way as aerobic respiration.
In fact, looking at the initial and final products, combustion reactions are identical to the
aerobic reaction shown in figure 7.28. The energy obtained by chemical reactions inside our
bodies is the same as the energy released in the combustion reaction in food calorimetry,
which is why we can burn food to figure out how much energy it will give us. They can also
understand why a match or lighter is needed to provide the initial activation energy to start
the chemical reaction. Students also likely have prior knowledge that they exhale CO2, and
by feeling the moisture in their breath, they can realize that they also exhale water in a
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gaseous form. Despite the fact that they cannot see either of these gases, both have mass.
When people exhale, they are losing weight (and in fact, vigorous exercise that makes
them exhale more will indeed allow them to lose more weight). In the food calorimetry
experiment, students measured the mass of the food at the beginning and compared it to
the remaining mass and noticed that some of the mass disappeared. They can now revise
their model to show that it was released as hot CO2 and H2O gas. Its mass flowed out of
the smaller system [CCC-4] of their laboratory investigation and into the air of the room
around it (much like mass flowed into the system to provide the oxygen for the reactants).
If they considered the entire room as their system [CCC-4] and were able to measure its
mass, they would have seen that it remained unchanged during the experiment.
Combustion can occur in a range of materials besides food. Combustion that involves
molecules made entirely of carbon, hydrogen, and oxygen (hydrocarbons) will always release
the same reaction products (albeit in different ratios; see IS5). Most of the fuels used in
everyday life are hydrocarbons, including logs of firewood, natural gas on stovetops, and
gasoline in cars. All of these hydrocarbons produce carbon dioxide as they provide the energy
people use every day. In fact, as more and more people inhabit the planet, more carbon
dioxide is being emitted into the atmosphere every day, where it accumulates (figure 7.29).
Figure 7.29. Relationship Between Global Population and Atmospheric CO2

Relationship between global population and atmospheric CO2. With a few notable economic slowdowns,
more people equates to more emissions, which raises the concentration of CO2 in our atmosphere.
In recent years, global population is slowing its growth, but changes in lifestyles that burn more
hydrocarbons for energy are causing emissions to continue to grow. Source: M. d’Alessio using data
from NASA n.d.; National Oceanic and Atmospheric Administration 2016a; United Nations, Department
of Economic and Social Affairs, Population Division 2015; United States Census Bureau 2016
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The carbon dioxide produced by combustion plays a crucial role in regulating Earth’s
climate system (EP&C IV, see also EEI curriculum unit on the Greenhouse Effect on Natural
Systems at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link24). In this instructional segment,
students apply their understandings of conservation of energy [CCC-5] and heat flow
(from IS2) and interactions between energy and matter [CCC-5] (from the High School
Three-Course Model Physics of the Universe course) to understand this role. The topic of
global climate change offers an excellent opportunity to explore the concept of planet Earth
as a system [CCC-4] (ESS2.A), and to apply science and engineering practices to a very
important and highly visible societal issue (HS-ETS1-1). While the details of global climate
change can be very complex and technical, the underlying science has been known for a
long time and is quite understandable. The main ideas relate to
•

the flows of energy [CCC-5] into, within, and out of the Earth system;

•

Earth’s cycles of matter [CCC-5] , especially the carbon cycle;

•

the effects [CCC-2] of human activities, especially the combustion of fossil fuels.

Opportunities for ELA/ELD Connections
Students select and read a current article, from a scientific site or publication, about
an example of how a change to the Earth’s surface can cause changes to the global
climate. The teacher may want to focus articles on topics included in IS5, such
as greenhouse gases, deforestation, damming rivers, loss of wetlands, or burning
fossil fuels. Encourage students to develop and organize their notes based on the
organization of the topic and subtopics in the articles (cause/effect, Cornell notes,
or summarizing key ideas using critical vocabulary) or a reading annotation system
(highlighting main ideas or claims, underlining supporting evidence, circling critical
vocabulary, and placing a question mark by unknown content).
CA CCSS for ELA/Literacy Standards: RST.9–12.2, 4, 5
CA ELD Standards: ELD.PI. 9–12.6
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The performance expectations in this instructional segment build on significant work
on disciplinary core ideas related to weather and climate (ESS2.D) in the middle grades
standards in which students learned that ocean and atmospheric currents are the equivalent
of Earth’s circulation system, transferring heat from the warm equator towards the cooler
poles and bringing the planet closer to thermal balance (MS-ESS3-4, now understood
more deeply through HS-PS3-4). Students have also learned about the role that moving air
masses play in determining short-term weather (MS-ESS2-5). They have been introduced
to climate change and that global average temperatures have risen in the last century and
have investigated possible causes (MS-ESS2-6). In this instructional segment they must
delve into a more sophisticated understanding of Earth’s energy [CCC-5] balance and its
relationship to the global carbon cycle [CCC-5] .
The crosscutting concept of systems [CCC-4] is crucial to understanding Earth’s
climate. When scientists think about a system, they need to consider the energy and
matter [CCC-5] that flow into or out of the system, as well as the inner workings of the

system. In some systems, it is hard to decide where to draw the boundaries between
what is considered inside the system and what is considered outside (such as the example
of the missing mass in the food calorimetry investigation that was not really missing if
we considered the room as a system). Earth’s climate, however, does not present such a
challenge if we consider the entire planet Earth as a system. Earth is somewhat isolated
out in space, with relatively little matter entering or leaving the planet. Energy [CCC-5] ,
however, flows into and out of the Earth (figure 7.30).
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Figure 7.30. Energy Flows in the Earth System

Energy flows in the Earth system, an illustration of a systems model. Diagram by Dr. Art Sussman,
courtesy of WestEd.

Students can make a conceptual model of Earth’s energy budget using an analogy of the
line for a ride at an amusement park. The constant stream of eager visitors arriving at the
end of the line represents solar radiation. As visitors get on the ride at the front of the line,
they act like energy radiating out into space. Earth’s global average temperature measures
the amount of heat stored internally in Earth’s system and so it is like the number of people
waiting in line at any given time. The line will remain the same length if people get on
the ride as quickly as new people arrive at the end of the line. Earth’s temperature will
remain stable [CCC-7] as long as the energy input and output remain unchanged.
Earth’s energy [CCC-5] input comes almost entirely from the Sun. While there is a
small amount of radioactive decay within Earth’s interior that generates heat, the flow of
solar energy to Earth’s surface is about 4,000 times greater than the flow of energy from
Earth’s interior to its surface. Relatively small changes in the solar input can result in an
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Ice Age or the melting of all of Earth’s ice, much like the sudden arrival of a large group at
an amusement ride can cause the line to quickly grow longer. The line will stabilize at this
new length (without continuing to grow) as long as the influx of people returns back to its
original rate. Planets can do the same thing, maintaining their temperature at a new value
after a temporary disturbance.
Most of the sunlight that reaches Earth is absorbed and transformed to thermal energy
[CCC-5] . If there were no atmosphere to hold that energy, it would radiate right back into

space as infrared radiation (like an unpopular amusement park ride where people get on as
soon as they arrive because there is no line). Gases in the atmosphere, such as CO2, absorb
infrared energy heading into space and cause [CCC-2] it to remain within the Earth system
for a longer period of time. Because these gases have the same effect as a greenhouse
where heat is trapped inside the system, gases like CO2 are referred to as greenhouse
gases. Calculations by scientists show that if Earth had no greenhouse gases, its surface
temperature would be near 0°F (or -18°C) instead of its current value of a much warmer
59°F (15°C). The energy coming into the Earth is still balanced almost exactly by what is
leaving the planet but there is enough heat trapped in the system to allow life to thrive (like
the amusement park ride whose line is always the same length).
By increasing the amount of greenhouse gases in the atmosphere, human activities are
increasing the greenhouse effect and warming Earth’s climate. In a given year, less energy
leaves Earth than arrives. It’s like one of the seatbelts breaks on the amusement park ride
and fewer people are able to get on the ride at a time. All of a sudden, the line gets longer
and longer as new people arrive because people are not able to leave the line as quickly
at the front. At the amusement park, this might lead to impatient children. On Earth, the
imbalance in energy flows leads to an overall rise in average temperature.
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Chemistry in the Earth System Snapshot 7.8:
Structure and Function in Greenhouse Gases
Anchoring phenomenon: A methane leak from a natural gas storage facility is
considered by some to be the largest climate disaster in US history.

Motivated by the recent news story about a major methane leak in California,
Mr. P’s students were asking questions [SEP-1] about what other gases
can trap infrared energy. Mr. P wanted his honors chemistry students to
develop models [SEP-2] of how greenhouse gases absorb infrared energy.
They began with a basic computer simulation (see PhET, The Greenhouse Effect at
http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link25) showing how molecules can absorb
energy as the atoms in the bond vibrate towards and away from one another.
Investigative phenomenon: Some molecules absorb infrared energy more than
other molecules.

The simulator demonstrates the effects of different molecules with different bonds and
different structures [CCC-6] . Mr. P provided information about molecular structures and
the qualitative principles about how repulsion between valence electrons helps control the
structure of molecules. These structures have a strong influence on the vibrational energy
molecules can absorb. Mr. P had students use evidence from the simulator to construct
an argument [SEP-7] about why methane, water vapor, and carbon dioxide are strong
greenhouse gases while oxygen and nitrogen are not. This phenomenon was a more
advanced demonstration of how atomic-scale properties can influence bulk behavior
(HS-PS1-3).

Amusement parks and planets are systems [CCC-4] with complicated inner workings.
When lines for one ride at an amusement park get too long, visitors inside the park may
respond by going to another ride or park operators may add additional workers or cars
to help move people through more quickly. Similar changes happen in Earth’s system
of systems. While the greenhouse effect seems like a simple cause and effect [CCC-2]
relationship viewed from outside the system, interactions within the system can often
give rise to more complicated chains of cause and effect referred to as feedbacks. Climate
scientists are particularly concerned about feedback effects that could increase the amount
and rate of global climate change. One example is that global warming is clearly reducing
the amount of ice on our planet (figure 7.31). Glaciers around the world are shrinking in
2016 California Science Framework
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size and even disappearing. The amount of ice covering the ocean in summer and fall is
also shrinking. As the ice melts, the surface beneath it is darker in color and absorbs more
incoming sunlight. More absorption causes more heating, and this heating causes even
more absorption of sunlight. This kind of feedback loop amplifies or reinforces the change,
and the distinction between cause and effect [CCC-2] begins to blur as each effect causes
more change. The clarification statements in the CA NGSS and many scientists use the term
positive feedback, but this term should be replaced because it leads to confusion—many
reinforcing feedbacks have very negative outcomes.
Figure 7.31. A Reinforcing Feedback in Earth’s Climate

A reinforcing feedback in Earth’s climate system. As the planet warms, more ice will melt, which will
expose darker ground surfaces that absorb more sunlight, which will in turn make temperatures rise
even more. Diagram by M. d’Alessio and A. Sussman.

A counterbalancing feedback loop reduces the amount of change (figure 7.32). For
example, warmer temperatures cause more water to evaporate, which enables more clouds
to form. Since clouds reflect sunlight back into space, more clouds cause more incoming
solar energy to be reflected before it has a chance to be absorbed by the planet. This
causes decreasing global temperatures. More warming could cause more cloud formation
and reflection, which would then lead to less warming again.9 These changes are opposite
and can balance each other out.

9. Even though this example describes a counterbalancing feedback involving clouds, clouds are also involved in a reinforcing
feedback where they trap more heat, causing more evaporation, and more clouds that trap more heat. Both of these
mechanisms occur on Earth. The question researchers are currently trying to answer is, “Which feedback loop is more powerful,
reinforcing or counterbalancing?” Cause and effect [CCC-2] gets very complicated in the Earth system.
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Figure 7.32. A Counterbalancing Feedback in Earth’s Climate System

Temperature changes cause changes to the number of clouds because of evaporation. Clouds, in turn,
reflect light. Diagram by M. d’Alessio and A. Sussman.

Scientists discover these complicated interactions between different components of
Earth’s systems [CCC-4] by looking for trends and patterns [CCC-1] in climate data.
The CA NGSS have a strong emphasis on data analysis, especially in the sections related to
weather and climate:
An important aspect of Earth and space science involves making inferences
about events in Earth’s history based on a data record that is increasingly
incomplete that farther you go back in time … . Students can understand the
analysis and interpretation of different kinds of geoscience data. Allow students
to construct explanations for the many factors that drive climate change over a
wide range of time scales. (NGSS Lead States 2013d)
Some of the strongest evidence [SEP-7] about our changing climate comes from icecore records (figure 7.33). As snow accumulates over time in glaciers around the globe, it
traps both the water that recently fell as precipitation and air bubbles. These air bubbles
act as tiny time capsules that allow scientists to study actual samples of the ancient
atmosphere. Since snow and ice build up seasonally, the timing of each layer of ice and
its trapped air bubbles can be counted like tree rings. Scientists make detailed chemical
analyses of the water to reconstruct the global average temperature. Details of how this
isotopic analysis provides a proxy for global temperature is beyond the scope of high school
performance expectations, but is a fascinating example of physics, chemistry, and earth
science working together.
2016 California Science Framework
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Figure 7.33. Temperature and Carbon Dioxide Over the Last 800,000 Years

Source: The Royal Society 2014

Chemistry in the Earth System Snapshot 7.9:
Trends and Patterns in Modern Atmospheric CO2 Levels
Investigative phenomenon: Atmospheric CO2 consistently rises and falls with
the seasons but also is consistently rising from year to year.

Ms. R wanted the students to get a sense for how much CO2 there was and
how it has changed over time. She introduced the units of parts per million
(ppm), relating it to the familiar concept of percent (parts per hundred). She
also used her city, which had almost a million people in it, as an analogy in
which the school’s population of 2,700 equates to 2,700 ppm of the city. CO2 molecules in
the atmosphere are even rarer than that, at about 400 ppm. Ms. R distributed a postersize piece of graph paper to each team, along with sticker dots and a table showing
one year’s worth of atmospheric CO2 measurements recorded each month at the top of
Mauna Loa in Hawaii (see NOAA, Trends in Atmospheric CO2 at http://www.cde.ca.gov/
ci/sc/cf/ch7.asp#link26). Each team placed stickers to plot data from a different year, but
all graph papers had identical axes with identical scales. She asked students to identify
trends and patterns [CCC-1] they saw in their one year of data and almost every group
indicated that the graph went up and down once over the course of the year, with the
peak value sometime in the middle of the year. Students associated the changes with the
seasons since they repeat once a year. The pattern of fluctuating CO2 relates to the growth
of vegetation; since there is more vegetated land area in the northern hemisphere, the
consumption of CO2 by plants varies as seasons shift from the productive summer months
in the northern hemisphere to summer in the southern hemisphere.
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Chemistry in the Earth System Snapshot 7.9:
Trends and Patterns in Modern Atmospheric CO2 Levels
The class taped their graphs side by side to the wall in sequence so that they create
one long time-series graph. Each class period was assigned additional data from different
years and by the end of the school day, her classes had filled the entire length of the
hallway with 35 years of data (figure 7.34). She showed an interactive visualization of
global CO2 data (see NOAA, History of atmospheric carbon dioxide from 800,000 years ago
until January, 2014 at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link27) so that students
could observe the trend using a more dynamic visualization, and she asked students
to evaluate [SEP-8] the benefits of using each format. Ms. R began the next class period
having students walk along the entire graph. She asked each team of students to analyze
[SEP-4] the past data and draw a graph predicting the next five years, extrapolating both
the long-term trend of increasing CO2 and the annual variation. She had them calculate
the year in which atmospheric CO2 would reach 540 ppm (approximately double the preindustrial CO2 levels), assuming that current trends continue. When students compared
their predictions, she had them discuss assumptions they made about how quickly the
CO2 would increase (some groups assumed a linear increase, while others noticed that the
curve seemed to be rising more and more each year). She related back to this discussion
when the class researched energy resources.
Figure 7.34. Time Series of CO2 on a Classroom Wall

Picture by M. d’Alessio
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The temperature record from the last half million years reveals some dramatic patterns
[CCC-1] as temperatures go up and down with a periodicity of about 100,000 years,

each low temperature an ice age (National Oceanic and Atmospheric Administration,
National Climatic Data Center 2008). When students examine such data, they should be
able to ask questions [SEP-1] about which parts of the climate system [CCC-4] might
have caused [CCC-2] these changes. If students compare temperature reconstructions
with reconstructions of the amount of energy [CCC-5] received from the Sun (which varies
as the Earth’s orbit wobbles and the Sun’s energy output changes cyclically over time), they
will discover that the data sets have a similar pattern [CCC-1] : many warm periods in the
ice core data correspond to periods of higher solar energy input (EP&C II). This seems quite
reasonable because the Sun’s input should influence our temperature. However, there are
also time intervals where the Earth was hot that do not correspond to high solar energy.
The pattern [CCC-1] in the history of the concentration of CO2 in Earth’s atmosphere
and temperatures is very similar; the two are highly correlated. This correlation is a key
piece of evidence [SEP-7] that CO2 also plays a role in affecting Earth’s temperature. In
a classroom, this correlation can motivate a discussion of Earth’s energy budget and the
greenhouse effect.
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Chemistry in the Earth System Snapshot 7.10:
Letters to the Editor and Evaluating Climate Change Graphs
Anchoring phenomenon: Two news stories about the same scientific research
have different headlines and are supported by different graphs of the same data set.

Earlier in the year, Ms. Q had her students read about how to evaluate
[SEP-8] the scientific arguments made in media sources using a checklist
called the Science Toolkit (see UC Museum of Paleontology at http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link28). To begin this unit, she had them read
two Internet articles with radically different headlines that each used a graph of global
temperature as evidence [SEP-7] . Students worked in pairs to evaluate the two articles
based on the criteria outlined in the Science Toolkit. Walking around the room, Fernando
asked her about the sources: “This article is from NASA, but what is the Weekly Star?
Who wrote it?” She encouraged him to do a quick internet search about the newspaper’s
editorial board. A bit later, Cynthia mentioned that both articles use graphs (figure 7.35),
but they look totally different.
Figure 7.35. Two Representations of the Same Data Set by Different Sources
Long-Term Global Warming Trend
Continues

Temperature Anomaly (˚C)
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Ms. Q then asked the whole class to discuss the graphs and construct an argument
[SEP-7] about which graph contained stronger evidence [SEP-7] . Ali noticed that one
graph included a much longer span of time, “and climate is supposed to be a long-term
thing.” Jenni said, “This graph has four lines from scientists all over the world that all
show the same ups and downs. That shows science is repeatable, and I like that.” To
conclude the lesson, students wrote letters to the editor in response to the Weekly Star
article articulating their argument [SEP-7] .
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In the CA NGSS, students combine their general understanding with computational
thinking [SEP-5] by using simple computer simulations (see PhET, The Greenhouse

Effect at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link29) to model the flow of energy
[CCC-5] into and out of the Earth and the role that CO2 and other greenhouse gases

play in that process (HS-ESS2-4). Scientists use simulators of Earth’s climate called global
climate models [SEP-2] (GCMs) that are much more detailed and include many other
processes and interactions between Earth systems [CCC-4] . The assessment boundary of
HS-ESS3-6 states that students should not be required to run their own models [SEP-2] ,
though simplified versions of GCMs exist for educational purposes (see Columbia University,
Educational Global Climate Modeling Web site at http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link30 and Java Climate Model at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link31). The
advantage of these models is that they enable students to turn on and off different parts
of the Earth system to see how they affect the climate. For example, students can compare
a model of the Earth without the biosphere to a model that includes the biosphere. As
CO2 increases in the atmosphere, plant growth decreases the impact of global warming (a
counterbalancing feedback). Comparing the predictions of a computer model that allows
ice to melt with one in which ice is not allowed to melt is another form of analyzing and
interpreting data [SEP-4] and can help build students’ mental models [SEP-2] of the

climate system. Models [SEP-2] , as defined in the CA NGSS, represent a system that
allows for predicting outcomes, so the output of a computational model can sometimes
be more useful at anticipating the future than simply examining historical data. Ultimately,
students need to be able to communicate their mental model by describing specific
feedbacks in the Earth system using an argument (HS-ESS2-2). In a classroom, various
student teams could examine different elements of an Earth system using teacher-provided
results of model runs or creating their own with educational GCMs. They could then compile
brief reports to share with their classmates about the effects [CCC-2] of these different
processes on global climate.
Another crucial observation about Earth’s climate is that the concentration of CO2 and
other greenhouse gases in our atmosphere has been growing steadily since the dawn of the
industrial era. Students should be able to make connections to the previous instructional
segment and know that the vast majority of this increase comes from humans’ extraction
and combustion of fossil fuels. GCMs allow scientists and students to see how the climate
is expected to change as greenhouse gases trap more energy in the atmosphere. Because
of the linkages between different components of Earth’s systems [CCC-4] , these impacts
extend to all of Earth’s systems. Figure 7.36 shows a few of these linkages. In a classroom,
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different student groups could obtain information [SEP-8] from library and Internet
resources to construct a report on the impact predicted for different parts of the world so
that the class as a whole could create a product to share with the rest of their school that
summarizes the global impacts (HS-ESS3-6).
EEI Curriculum units—The Life and Times of Carbon and The Greenhouse Effect on
Natural Systems (http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link32)—explore human practices
that can influence the global carbon cycle and how human activities affect quantities of
greenhouse gases. These units can be used in conjunction with this instructional segment to
provide materials that examine EP&Cs III and IV.
Figure 7.36. Cause and Effect Chains Illustrate How Human Activities Affect
Natural Systems

One example of how humans affect the climate, which impacts all parts of Earth’s systems. Illustration
by Dr. Art Sussman, WestEd, and Lisa Rosenthal, WGBH.
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Engineering Connection:
The Chemistry of Global Energy Supplies
Figure 7.37 graphs trends in world energy consumption and illustrates that the three
major sources of energy worldwide are fossil fuels (oil, coal, and natural gas).
Students can obtain information about the impacts of fossil fuels on natural systems
that arise because harnessing the energy from fossil fuels also disrupts global cycles
of matter in the Earth system (ESS2.A; EP&C III, IV). Climate change results from
rising levels of greenhouse gases (e.g., carbon dioxide, methane, and nitrous oxide).
Carbon dioxide is released when fossil fuels react with oxygen during combustion,
and students can obtain information [SEP-8] about chemical methods of carbon
sequestration that are current research topics. Natural gas is primarily methane, which
can leak into the atmosphere during production, processing, transport, storage, and
distribution. Students can obtain information [SEP-8] about cutting-edge technologies
to monitor leaks in real time. Acid rain results from nitrogen and sulfur oxides commonly
released during combustion of sulfur rich fuels such as coal. Students could obtain
information [SEP-8] about the chemical technology used to minimize the release of
sulfur dioxide. Since these systems were mandated, acid rain has substantially declined
in the United States. Smog involves reactions between tailpipe emissions of cars and the
air (with sunlight adding some of the energy to break chemical bonds). Students could
also obtain information [SEP-8] about how improvements to the combustion efficiency
of cars have reduced smog. Students should do more than just explain the chemical
reactions in each of these processes. They should consider the criteria and constraints
about society’s need for clean air and clean water along with the need for more energy
(HS-ETS1-1; EP&C V). Students should be encouraged to break down the problem into
smaller, more manageable problems that can be solved through [chemical] engineering
(HS-ETS1-2).

Figure 7.37. What Fuels Provide the World’s Energy?

Source: BP 2016
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Chemistry in the Earth System Instructional Segment 6:
e D namics of C emical eactions an
cean ci ification
Students will build on their simple model of chemical reactions from IS4 to
explore stability and change [CCC-7] in chemical systems [CCC-4] . They then focus on
a chemical system in Earth’s ocean where carbon dioxide from the combustion of fossil fuels
(as discussed in IS1 and IS5) is having a dramatic impact on ocean life (EP&Cs II, IV).

CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 6:
THE DYNAMICS OF CHEMICAL REACTIONS AND OCEAN ACIDIFICATION
Guiding Questions
• How can you alter chemical equilibrium and reaction rates?
• How can you predict the relative quantities of products in a chemical reaction?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-5. Apply scientific principles and evidence to provide an explanation about the effects
of changing the temperature or concentration of the reacting particles on the rate at which a
reaction occurs. [Clarification Statement: Emphasis is on student reasoning that focuses on the
number and energy of collisions between molecules.] [Assessment Boundary: Assessment is
limited to simple reactions in which there are only two reactants; evidence from temperature,
concentration, and rate data; and qualitative relationships between rate and temperature.]
HS-PS1-6. Refine the design of a chemical system by specifying a change in conditions that
would produce increased amounts of products at equilibrium.* [Clarification Statement: Emphasis
is on the application of Le Châtelier’s Principle and on refining designs of chemical reaction
systems, including descriptions of the connection between changes made at the macroscopic
level and what happens at the molecular level. Examples of designs could include different ways
to increase product formation including adding reactants or removing products.] [Assessment
Boundary: Assessment is limited to specifying the change in only one variable at a time.
Assessment does not include calculating equilibrium constants and concentrations.]
HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore
mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using
mathematical ideas to communicate the proportional relationships between masses of atoms in
the reactants and the products, and the translation of these relationships to the macroscopic
scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on
assessing students’ use of mathematical thinking and not on memorization and rote application
of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex
chemical reactions.] (Revisited from IS3 and IS4)
HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth’s surface can
create feedbacks that cause changes to other Earth systems. [Clarification Statement: Examples
should include climate feedbacks, such as how an increase in greenhouse gases causes a rise in
global temperatures that melts glacial ice, which reduces the amount of sunlight reflected
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CHEMISTRY IN THE EARTH SYSTEM INSTRUCTIONAL SEGMENT 6:
THE DYNAMICS OF CHEMICAL REACTIONS AND OCEAN ACIDIFICATION
from Earth’s surface, increasing surface temperatures and further reducing the amount of ice.
Examples could also be taken from other system interactions, such as how the loss of ground
vegetation causes an increase in water runoff and soil erosion; how dammed rivers increase
groundwater recharge, decrease sediment transport, and increase coastal erosion; or how the
loss of wetlands causes a decrease in local humidity that further reduces the wetland extent.]
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the
hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: The carbon
cycle is a property of the Earth system that arises from interactions among the
hydrosphere, atmosphere, geosphere, and biosphere. (CA) Emphasis is on modeling
biogeochemical cycles that include the cycling of carbon through the ocean, atmosphere, soil, and
biosphere (including humans), providing the foundation for living organisms.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.B: Chemical Reactions

[CCC-1] Patterns

ESS2.A: Earth Materials and
Systems

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-4] Analyzing and
Interpreting Data
[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ESS2.D: Weather and
Climate
ETS1.C: Optimizing the
Design Solution

[CCC-7] Stability and
Change

[SEP-7] Engaging in Argument
from Evidence
Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1, 2
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CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
Stability [CCC-7] refers to the condition in which certain parameters in a system

remain relatively constant, even as other parameters change. Dynamic equilibrium is an
example of stability in which reactions in one direction are equal and opposite to those in
the reverse direction, so although changes are occurring, the overall system remains stable.
Dynamic equilibrium illustrates the principle of stability in an environment undergoing
constant change. If, however, the inputs are sufficiently altered, a state of disequilibrium
may result, causing significant changes in the outputs.
Once a disruption is made to a system [CCC-4] , the speed at which chemical reactions
work to re-establish that equilibrium varies depending on a number of factors. Students
should be able to gather evidence to construct a scientific explanation [SEP-6] about
what causes [CCC-2] these speed variations (HS-PS1-5). In IS4, students developed a
model [SEP-2] of chemical reactions at the microscopic level that includes atoms colliding

with one another and forming new bonds. Students can investigate [SEP-3] the response
of reaction rates to varying temperatures and concentrations of reactants (both of which
make collisions between reactants more likely). For example, students can mix baking
soda (sodium hydrogen carbonate, NaHCO3) and vinegar (acetic acid, CH3COOH) in sealed
sandwich bags and gauge the speed and degree of reaction by the rate and amount of CO2
gas produced as indicated by the swelling of the bag: NaHCO3 (aq) + CH3COOH (aq)  CO2
(g) + H2O (l) + CH3COONa (aq). Students can investigate [SEP-3] the role of the quantity
of molecular collisions by repeating the activity with differing concentrations of vinegar.
They can then investigate [SEP-3] the role of temperature by warming or cooling the
reactants while keeping their concentrations constant. By observing the swelling of the bags
in response to varying temperatures and concentrations, students should discover that those
factors that increase the number and energy [CCC-5] of molecular collisions (increased
concentration and temperature of reactants) result in increased reaction rates. Combining
a conceptual model [SEP-2] with experimental evidence [SEP-7] , students can thus
provide reasoned explanations [SEP-6] for factors influencing chemical reaction rates.
Once students understand the effect [CCC-2] of changing the concentration of
reactants and products on reaction rates, they are ready to apply their understanding to
novel situations. Performance expectation HS-PS1-6 requires students to “refine the design
of a chemical system by specifying a change in conditions that would produce increased
amounts of products at equilibrium.” By applying Le Châtelier’s Principle, students can
predict ways to increase the amount of product in a chemical reaction. In order to refine
the design of a chemical system, students must first be able to measure output and then
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test the effectiveness of changing the temperature and relative concentrations of reactants
and products. For example, gas pressure is reduced and heat is given out when hydrogen
and nitrogen combine to form ammonia (figure 7.38). According to Le Châtelier’s Principle,
the reaction can proceed to produce more ammonia by increasing the pressure and/or by
dropping the temperature. Conversely, more ammonia will decompose into hydrogen and
nitrogen by lowering the pressure and/or raising the temperature.
Figure 7.38. Le Châtelier’s Principle

HYDROGEN
MOLECULES

+

NITROGEN
MOLECULES

FORWARD REACTION
INCREASED BY RISE IN
PRESSURE, DROP IN
TEMPERATURE

AMMONIA
MOLECULES

BACKWARD REACTION
INCREASED BY LOWER
PRESSURE, HIGHER TEMPERATURE

Nitrogen and hydrogen combine to form ammonia. As they do so, the gas pressure is reduced
and heat is given out. According to Le Châtelier’s principle, to make the reaction proceed
‘left to right’ high pressures and low temperatures are needed.
GAS PRESSURE IS
REDUCED BY
COMBINATION
OF HYDROGEN AND
NITROGEN MOLECULES
COMBINATION
REACTION GIVES
OUT HEAT

Students should be able to apply Le Châtelier’s Principle to predict ways to increase the amount of
product of a chemical reaction. Source: The Worlds of David Darling 2015

As students tackle HS-PS1-6, they must invoke the engineering strategies specified in
HS-ETS1-2 in which they are required to design a solution [SEP-6] “to a complex realworld problem by breaking it down into smaller, more manageable problems.” For example,
students might be challenged to increase the amount of precipitated table salt in solution
[NaCl(s)  Na+(aq) + Cl-(aq)] without adding more salt. By experimenting with the addition
of other sodium salts, students may discover that an increase in free sodium ions shifts
the reaction in favor of the precipitate. To optimize the production of sodium, students
may also experiment with changes [CCC-7] in temperature, discovering that decreases in
temperature favor the production of precipitate. In doing such investigations [SEP-3] ,
students are applying the engineering skill of optimization as they refine their design to
increase productivity. Students can verify their results quantitatively using principles of
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stoichiometry they developed in IS3 and IS4 (HS-PS1-7).

Disrupting Equilibrium in the Ocean
Changes [CCC-7] in the world’s oceans bring together all science and engineering

disciplines and provide an excellent way to introduce principles of chemical dynamics. Some
excellent CA NGSS aligned resources for teaching about ocean chemistry are available,
including well-designed curriculum sequences about ocean acidification (Institute for
Systems Biology, Ocean Acidification: A Systems Approach to a Global Problem at http://
www.cde.ca.gov/ci/sc/cf/ch7.asp#link33). A good activity sequence begins by obtaining
and evaluating information [SEP-8] in order to define the problem [SEP-1] (HS-ETS1-1).

In IS5, students saw evidence that human activities emit CO2 in the atmosphere. While the
concentration of CO2 in our atmosphere is currently 40 percent higher than it was at the
start of the Industrial Revolution, it would be even higher if it were not for the ocean. The
ocean constantly exchanges CO2 with the atmosphere so that the two are in equilibrium.
As the atmospheric CO2 goes up, this temporarily disrupts the balance and causes more
CO2 to enter the oceans than leave. Students can examine data showing trends in CO2
concentrations in the ocean and atmosphere as evidence of a balancing feedback between
two of Earth’s systems [CCC-4] that slows the rate of climate change (HS-ESS2-2). The
ocean currently absorbs more than a quarter of the annual emissions of CO2 from human
activities. Students can add this fact to their quantitative model [SEP-2] of the carbon
cycle (HS-ESS2-6, ties to IS5 of the Living Earth course).
In the ocean, CO2 molecules have no impact on the atmospheric greenhouse effect.
However, the changes [CCC-7] in the ocean are significant (EP&Cs II, III, IV). Students
can design a simple investigation [SEP-3] to generate CO2 (gas released by a baking
soda/vinegar reaction, a combusting candle, or yeast foaming) and explore how it affects
the pH using an indicator solution or probe. They find that the ocean becomes more acidic,
so this environmental change is termed ocean acidification. Students can also investigate
the effect [CCC-2] that temperature and salinity have on the ability of CO2 to dissolve into
the water (HS-PS1-5).
When CO2 dissolves in the ocean, the situation is more complex because the CO2
interacts with living organisms and other inorganic molecules in the seawater. Many rocks
in Earth’s crust are rich in calcium, so when rivers wash material toward the ocean they
bring a rich supply of calcium. While humans and other animals build bones from calcium
phosphate, many marine organisms make shells by combining calcium with carbonate,
which forms when CO2 dissolves in seawater. While students may be familiar with some of
the larger examples of these organisms like clamshells and coral, some of the most delicate
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plankton rely on these chemical reactions (figure 7.39). Because they lie at the base of the
food chain for many sea creatures, the shells of these delicate organisms are crucial for
maintaining ocean ecosystems.
Figure 7.39. Pteropods

Pteropods are a delicate type of sea creature. The bottom panel shows laboratory experiments
demonstrating how their shells dissolve when ocean water is too acidic. Sources: National Oceanic and
Atmospheric Administration/Department of Commerce, Kevin Raskoff, Hidden Ocean 2005 Expedition:
NOAA Office of Ocean Exploration 2005; National Oceanic and Atmospheric Administration/Ocean
Explorer 2002; Auster and DeGoursey 2000; Hunt et al. 2010; Busch et al. 2014

Students apply their models [SEP-2] of chemical equilibrium to predict the impacts
of changing CO2 levels in the ocean on these organisms. There are interactions between
CO2, water, and the shells made out of calcium carbonate (CaCO3) represented by a
complex system [CCC-4] of chemical reactions (figure 7.40). Each reaction is a dynamic
equilibrium with products and reactants constantly being created. Simplifying some of the
intermediate reactions, the overall system looks like:
 Ca 2+ + 2 H + + 2 CO –
CO2 + H 2O + CaCO3 
3

As students apply their model [SEP-2] of equilibrium reactions from Le Châtelier’s
Principle, they see that as the concentration of CO2 increases, the system [CCC-4]
compensates by producing more products on the right side. The addition of H+ ions
makes the ocean more acidic. The other important change [CCC-7] is that CaCO3 shells
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dissolve into their constituent ions. Since the beginning of the Industrial Revolution, the
concentration of H+ ions has increased 30 percent, but projections of future CO2 emissions
by humans may lead to increases up to 150 percent. The bottom panels of figure 7.39
reveal the damage that this increased acidity can have on small and delicate organisms.
Students can observe these effects themselves by planning an investigation [SEP-3] to
measure the rate of shell dissolution at different pH levels. Or they can obtain information
[SEP-8] on the health of coral reefs and coral bleaching, due in part to these pH changes.
Figure 7.40. Chemical Interactions Between CO2 and Water

Air

CO2
CO2 + H2O ⇄ H2CO3

Water

H2CO3 ⇄ H+ + HCO3–
HCO3– ⇄ H+ + CO32–
Ca2+ + CO32– ⇄ CaCO3
CO2 + H2O + CaCO3 ⇄ Ca2+ + 2 H+ + 2 CO3–
A chain of chemical reactions occurs when CO2 dissolves in ocean water. All of the reactions are
equilibrium. The equation on the bottom summarizes the chain to help illustrate how the system
changes with an increase in CO2. Diagram by M. d’Alessio

Shell damage is not the only problem marine organisms face as more CO2 dissolves in
the ocean. The chemistry also makes it harder for them to produce shells in the first place.
In the engineering task of HS-PS1-6, the clarification statement indicates that the design
challenge only needs to involve two reactants, but the mental model [SEP-2] of chemical
reactions they develop to meet that performance expectation can be applied to understanding
this more complex system [CCC-4] . Chemical equations are essentially models [SEP-2]
of these complicated systems, and sometimes different representations of the same system
[CCC-4] reveal different features. Using a different combination of the intermediate

reactions in figure 7.40, the same chemical system [CCC-4] can also be represented by
figure 7.41.
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Figure 7.41. Simplified Equations for Carbonate Shell Chemical Reactions

CO2 + H2O + CO32– ⇄ 2 HCO3–
Ca2+ + CO32– ⇄ CaCO3
Carbonate reacting directly with CO2 is not
available for making shells in calcium carbonate
Source: M. d’Alessio

The representation in figure 7.41 indicates that both CO2 and Ca2+ want to react with
the carbonate ion, so increasing CO2 decreases the carbonate available for shell production.
(Further inspection of figure 7.41 shows that HCO3– dissociates to hydrogen and carbonate,
and one might think that the carbonate could be used for shell making. While an increase
in CO2 does lead to an increase in carbonate ions, it also leads to an equal increase in
hydrogen ions without increasing the concentration of calcium. These hydrogen ions form
a tighter, more energetically favorable bond to carbonate than calcium does.) Organisms
are less likely to encounter carbonate ions that are not already interacting with hydrogen
ions, and have trouble building shells. This will result in slower shell production (leaving the
organisms vulnerable for a longer time period) or reliance on additional chemical reactions
to liberate the carbonate ions from hydrogen (which would require the organism to invest
more energy [CCC-5] in shell production, leaving less energy for things like reproduction
and evading predators).

CHEMISTRY IN THE EARTH SYSTEM VIGNETTE 7.2: OCEAN ACIDIFICATION,
A SYSTEMS-BASED APPROACH TO A GLOBAL PROBLEM
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-1. Use mathematical and/or computational representations to support explanations of
factors that affect carrying capacity of ecosystems at different scales. [Clarification Statement:
Emphasis is on quantitative analysis and comparison of the relationships among interdependent
factors including boundaries, resources, climate, and competition. Examples of mathematical
comparisons could include graphs, charts, histograms, and population changes gathered from
simulations or historical data sets.] [Assessment Boundary: Assessment does not include
deriving mathematical equations to make comparisons.]
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HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity. [Clarification
Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere,
cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human
activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic
biomass on land and an increase in ocean acidification, with resulting impacts on sea organism
health and marine populations.] [Assessment Boundary: Assessment does not include running
computational representations but is limited to using the published results of scientific
computational models.]
HS-PS1-6. Refine the design of a chemical system by specifying a change in conditions
that would produce increased amounts of products at equilibrium.* [Clarification Statement:
Emphasis is on the application of Le Châtlier’s Principle and on refining designs of chemical
reaction systems, including descriptions of the connection between changes made at the
macroscopic level and what happens at the molecular level. Examples of designs could include
different ways to increase product formation including adding reactants or removing products.]
[Assessment Boundary: Assessment is limited to specifying the change in only one variable at a
time. Assessment does not include calculating equilibrium constants and concentrations.]
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-5] Using Mathematics
and Computational Thinking

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-3] Scale, Proportion
and Quantity

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ESS2.D: Weather and Climate

[CCC-4] Systems and
System Models

[SEP-7] Engaging in
Argument from Evidence

ESS3.D: Global Climate Change
PS1.B Chemical Reactions
ETS1.B: Developing Possible
Solutions

[CCC-7] Stability and
Change

ETS1.C: Optimizing the Design
Solution
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Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1; F-LB.1b, c; S-ID.6, 7; MP.4
CA CCSS for ELA/Literacy Connections: RST.9–10.2–10; SL.9–10.1b–d, SL.9–10.2–6;
RST.11–12.2–10; SL.11–12.10.1b–d, 2–6
CA ELD Connections: ELD.PI.9–10.1, 2, 3

Introduction
Changes [CCC-7] in the world’s oceans bring together all science and engineering
disciplines and are an excellent way to introduce principles of chemical dynamics. While the
concentration of CO2 in our atmosphere is currently 40 percent higher than it was at the
start of the Industrial Revolution, it would be even higher if it were not for the ocean. The
ocean constantly exchanges CO2 with the atmosphere so that the two are in equilibrium.
This vignette explores how changes to the ocean’s CO2 concentration disrupt the entire
biogeochemical system.
Length and position in course: This vignette describes 2–3 weeks of instruction and
could serve as the main body of an instructional segment focusing on chemical equilibrium.
This activity sequence is based closely on lessons from Systems Education Experiences in the
Baliga Lab at Institute for Systems Biology. Please refer to their curricular pages for much
greater detail: http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link34.
Prior knowledge: This activity has been shown to be more effective when students have
existing understanding of systems and systems interactions. A simulation of social networks
and cell phones provides an example with which students can easily relate (see Baliga Lab,
Systems Education Experiences, Lesson 1: Cell phone network introduction at http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link35).
5E Lesson Design : This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter for tips on implementing 5E lessons.
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Days 1–2: Interconnected Systems
Students analyze news articles to obtain information that documents systems-level interactions
between CO2 emissions, ocean chemistry, organisms within the ocean, and human prosperity.
Days 3–4: Exploring CO2
Students conduct a simple engaging activity to visualize the relationship between
atmospheric CO2 and ocean chemistry.
Day 5: Ocean Acidification Specifics
Students evaluate information from a movie, noting the way that scientific information
is communicated. They identify chains of cause and effect relationships and relate them to
Earth’s system of systems.
Day 6: Planning and Conducting Investigations
Different groups of students investigate different interactions within the bio-geo-chemical
system. They formulate their own research questions and design their own experiment.
Days 7–9: Online Simulations
Students explore complex feedbacks in a computer simulation. They manipulate
environmental conditions to see the influence on ocean chemistry and ecosystems.
Day 10: Summit
Students play the role of different stakeholders. They report the findings of their
experiments and use them as evidence to argue for a proposed solution that will reduce the
impacts of ocean acidification.

Days 1–2: Interconnected systems
Anchoring phenomenon: Ocean life is dying off at alarming rates due to changes in
the physical conditions of the ocean.

Ms. K is excited because today her class will begin to document the effects of the
chemistry of CO2 on a huge range of Earth’s biological and chemical systems. Ms. K carefully
selected a set of articles that illustrates a range of these interactions and assigns a different
one to each student along with a sheet with a set of questions (http://www.cde.ca.gov/
ci/sc/cf/ch7.asp#link36). She allows students time to read the articles in class so that she
can circulate and help some of the struggling readers. Ms. K has already discussed critical
analysis of news stories in her class and asks students to share examples of how the author’s
qualifications and their intended audience affect the tone of the article. Each student must
identify key words from the article and create a small network or concept map illustrating the
connection between these key words. Students submit their key words to an online form and
Ms. K monitors the results as they are submitted. She then pastes the key words into a word
cloud generator (where the key words appear in an image with the font size of each word
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proportional to how often it is used). CO2 is by far the largest word and a number of other
words were utilized multiple times. While the word cloud is good for identifying the common
threads, it fails at showing how these common ideas relate to one another. She divides the
class up into groups of four and gives each group a large sheet of paper. Each group must
arrange the submitted key words from the entire class into a single network or concept map.
Students snap photos of their maps and upload them to the class Web page. For homework,
they will refer to their map and write a short research proposal with an argument [SEP-7]
justifying which key concepts they think are most important to investigate, and they
brainstorm about how they could investigate such topics.
Days 3–4: Exploring CO2
Investigative phenomenon: The concentration of CO2 in water increases when the
concentration of CO2 in the air above it increases.

In this activity, students will explore sources and detection of CO2 in the laboratory. Ms.
K reminds students about the evidence that human activities emit CO2 in the atmosphere.
She asks them what their articles from the previous lesson said about how this relates to
the ocean water. While the concentration of CO2 in our atmosphere is currently 40 percent
higher than it was at the start of the Industrial Revolution, it would be even higher if it were
not for the ocean. The ocean constantly exchanges CO2 with the atmosphere so that the two
are in equilibrium. As the atmospheric CO2 goes up, this temporarily disrupts the balance and
causes more CO2 to enter the oceans than leave. Ms. K assigns different students different
sources of CO2 (gas released by a baking soda/vinegar reaction, a combusting candle, dry
ice sublimating, and yeast foaming). She tells them to design an investigation [SEP-3] that
simulates an increase in CO2 in the atmosphere and documents its effect on the pH of the
ocean. In order to simulate changes to the atmosphere, Ms. K instructs students that all
CO2 should enter the water through contact with the air (their CO2 source should not touch
the water directly). She does not have access to pH probes, so she gives students droppers
of Universal indicator and bromothymol blue along with flasks, tubing, and other supplies.
Students find that the ocean becomes more acidic, which Ms. K explains is the reason that
this environmental change is termed ocean acidification.
Investigative phenomenon: The concentration of CO2 in Earth’s ocean and
atmosphere are both rising.

Ms. K then provides students actual data showing trends in CO2 concentrations in the
ocean and atmosphere as evidence of a balancing feedback between two of Earth’s systems
[CCC-4] that slows the rate of climate change (HS-ESS2-2). The ocean currently absorbs
more than a quarter of the annual emissions of CO2 from human activities. Students can add
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this fact to their quantitative model [SEP-2] of the carbon cycle [CCC-5] (HS-ESS2-6, ties to
IS5 of the Life Science course). Once they enter the ocean, CO2 molecules no longer have any
impact on the atmospheric greenhouse effect. They do, however, cause significant changes
[CCC-7] to the ocean water and life within it (EP&Cs II, III, & IV).
Day 5: Ocean Acidification Specifics
Investigative phenomenon: Fish and coral are dying as the concentration of CO2 in
the ocean rises. (Revisit the anchoring phenomenon in more detail.)

Students begin by obtaining information [SEP-8] about ocean acidification by watching
a short video. Ms. K has students taking notes about different features of the film. One
group records all the statistics in the film while another records facts that are stated but
not supported by statistics. All groups track the cause and effect relationships described in
the film. After the film, students pair up and discuss the parts of the movie that they found
most powerful and the parts that they found weakest. They correlate those reactions with
the observations of statistics and other statements not supported by numbers. It varies
from group to group whether or not statistics or personal stories were more powerful. While
science itself is most powerful when supported by robust quantitative data, communicating
[SEP-8] science requires reaching out to peoples’ hearts as well as their minds.
Working in teams, students complete a table summarizing all the cause and effect [CCC-2]
relationships mentioned in the movie. They identify which spheres within Earth’s systems are
involved in each relationship, how CO2 is involved, and how the change might affect humans.
Students then annotate a diagram of the carbon cycle circling and labeling how the cause and
effect relationships in the movie relate to sections of the carbon cycle. During class discussion,
Ms. K asks students to chart chains of cause and effect relationships that involve different
spheres in Earth’s system of systems. She makes sure that students articulate can articulate
the ways in which ocean acidification has large, global causes and that its effects reverberate
throughout the system, including our economies.
Ms. K has students make a list of questions [SEP-1] about the cause and effect relationships
they found most interesting. What would they like to find out more about? These questions will
form the foundation of student research projects over the next few class sessions.
Days 6–9: Planning & Conducting Investigations
Investigative phenomenon: How will different interest groups be affected by ocean
acidification and what can they do to minimize these effects?

Ocean acidification involves a huge range of organisms and people. Ms. K tells students
that the class will divide up into different interest groups to investigate specific causes,
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effects, and solutions of ocean acidification. At the end of the IS, the groups will come
together for a final summit to present experimental results and provide recommendations
for future actions. The main question all interest groups will address is, “What effect does
the increasing atmospheric CO2 have on the ocean and its subsystems?” Each group should
focus in one specific effect and plan a detailed laboratory investigation. In other words, they
will investigate the interaction between just two or three components of the biogeochemical
system. Many of these interactions will be the cause and effect relationships that they
recorded while watching the video. Ms. K has a presentation that helps students relate this
experiment to systems thinking and gives guidance about refining research questions.
The class will have four main interest groups (figure 7.42). Even though all marine
organisms are eventually affected by acidification through the food web, two categories
of organisms at the base of many food chains are most fundamentally affected:
photosynthesizing organisms that take in CO2 and organisms whose survival depends on
making carbonate shells (calcifying organisms). People are related to both the cause and the
effects of ocean acidification. Two notable interest groups are those people responsible for
most of the CO2 emissions and those that depend most directly on ocean life for food (such as
low CO2 emitting island nations). Ms. K read through the questions submitted last class period
and assigned students to one of four interest groups based on their questions.
Figure 7.42: Four Interest Groups

Source: Baliga Lab at Institute for Systems Biology 2013

Investigative phenomenon: (Students investigate one interaction within the
biogeochemical system using a laboratory experiment.)

Ms. K asks students to list the type of things that they might be able to measure and
manipulate in the laboratory in order to gain insight into their interest group’s role in ocean
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acidification. Students will have access to a wide range of materials (see the materials list
at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link37) including living organisms like diatoms
called Thaps and brine shrimp (with calcium carbonate shells), sources of carbon dioxide
(identical to the investigation from Day 3), and tools and supplies to control the environmental
conditions of the experimental atmosphere and ocean (including temperature, lighting,
salinity, nutrient content of water, etc.). The photosynthesizing organisms group would likely
investigate how changes in ocean pH affect their own growth or ways in which changes to
their environment could promote their growth to help mitigate rising atmospheric CO2. The
marine calcifying organisms group would likely investigate the effects of a lower pH on their
shells or growth. The High CO2 emitters group could investigate ways in which they mitigate
their emissions by promoting growth of photosynthesizing organisms or by exploring chemical
reactions that capture their CO2 emissions. They could also experiment by recording the CO2
emissions of different alternative fuels such as ethanol, natural gas from Bunsen burners, or
exploring the efficiency of various renewable energy sources. In previous years, some of Ms.
K’s High CO2 groups pursued evidence supporting the claim that ocean acidification is not a
problem. She encouraged these experiments and noticed powerful shifts in student thinking
when their evidence contradicted this claim. The Low CO2 emitters group might be concerned
with the impact of acidification on their food supply and environment, so they will likely
explore the impacts of CO2 on one of the different classes of organisms at the base of the
food chain. They also might want to explore just how low the pH of the ocean could get by
testing how far the pH of the ocean can change since it is a buffered solution.
Ms. K walks around to each group, encouraging them to narrow down their investigation
to two or three components of the system and asks them to formulate subquestions that their
investigation will try to answer. For some groups, she offers a lot of guidance and gives them
a menu of ideas they could consider. She helps them deal with logistics, and has a library (see
Systems Education Experiences Lesson 5a http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link38) of
background reading and laboratory protocols that she draws from to provide students extra
resources. Students will need these to ensure that they can describe the specific chemical
reactions occurring in their experiment.
As the groups perform their investigation over the next several days, Ms. K reminds
students that their job is to (1) understand the details of their chemical system and be able to
relate it to the broader problem of ocean acidification; (2) report their findings at the summit
at the end of the session; and (3) Use their findings to inform a solution that can minimize the
effects of ocean acidification. To accomplish this last task, they will need to think about how
they can manipulate the conditions of the broader chemical system to change the amounts of
acid in the ocean (HS-PS1-6). Some experiments are quicker, so those groups can proceed to
completing online research from the next lesson.
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Day 10: Online research and computer simulations
Ms. K demonstrates a computer simulator that will allow students to explore the overall
effects [CCC-2] of ocean acidification on different organisms and actions that people could
take to slow acidification (HS-ESS3-6, HS-LS2-1, HS-ETS1-4, EP&Cs II, III) (see Institute for
Systems Biology, Ocean Acidification: A Systems Approach to a Global Problem—Lesson 5b
at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link39 and Lesson 5c at: http://www.cde.ca.gov/
ci/sc/cf/ch7.asp#link40.) Students can add CO2 until the atmospheric concentration matches
possible emissions scenarios and examine the impact this will have on different populations
of marine life (HS-ESS3-5). Students should try to relate the computer simulation to their
physical experiment and use data from both to begin to explore possible solutions to ocean
acidification.
Day 11: Summit
Students culminate the IS with a mock summit where they play the part of different
stakeholders in the processes contributing to ocean acidification (EP&C V). Based upon their
interest group, they can take up the role of residents of a small fishing village, oil company
executives, marine geochemists, tour boat operators at the Great Barrier Reef. To engage
in a meaningful argument [SEP-7] , they will need to communicate information [SEP-8]
about their experiment and its relationship to their character’s role (HS-ETS1-3). Though
each stakeholder makes a contribution to the system [CCC-4] , students will need to break
apart the problem into pieces and propose solutions that address the components that their
character may be able to influence (HS-ETS1-2). They should support this proposed solution
using evidence from their experiment and the online simulation.

Vignette Debrief
SEPs. Appendix 1 describes the progression of SEPs through the grade spans. At the

end of this high school course, students should be able to demonstrate advanced forms of
each SEP. The centerpiece of this vignette is an open-ended investigation that highlights
two of SEPs related to experimental design. While students began asking simple questions
in kindergarten, this vignette gives them the opportunity to ask testable questions [SEP-1]
about the systems models of ocean acidification that they began to develop on Days 2 and
5. In elementary school, they received great guidance with planning simple investigations.
They have progressed to the point that on Days 6–9, they plan an investigation [SEP-3]
from scratch where the objective is to revise different interactions in a model [SEP-2] that
will be used to propose a solution [SEP-6] . The activity culminates by highlighting two SEPs
about communicating information and arguments on Day 10 in the Summit. They make and
defend claims about the impacts of different human activities and create arguments [SEP-7]
supporting a proposed solution to minimizing these impacts. They support these arguments
by communicating information [SEP-8] about their experimental findings and evidence
they obtained [SEP-8] from background research.
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DCIs. The vignette requires application of core ideas in all branches of science where
human impacts on one part of Earth’s system (ESS3.D) cause changes to ecosystems (LS4.D)
in another part due to chemical reactions (PS1.B) within a complex bio-geo-chemical system
(ESS2.A). Engineering and technology are key parts of analyzing the problem and designing
solutions (ETS2.B). Computer simulations allow students to visualize the impacts of these
systems and help them design and evaluate competing solutions to a major problem (ETS2.A).
CCCs. Ocean acidification is a change [CCC-7] to the equilibrium of a bio-geochemical system [CCC-4] . By the end of this high school course, students are ready to
explore complex interactions within the system that create feedbacks, blurring the line
between cause and effect [CCC-2] .
EP&Cs. Humans depend on ocean ecosystems for food and for its ability to buffer our
effects on the carbon cycle (Principle I), while the oceans are clearly impacted by human
behavior (Principle II). By assigning students to interest groups and asking them to play the
role of different stakeholders, they begin to see the complex interdependencies inherent in
a global problem like ocean acidification. In particular, the summit is an excellent example
of Principle V that decisions are based on a wide range of considerations from ecological to
economic.
CA CCSS Connections to English Language Arts and Mathematics. In the vignette,
students are tasked with reading articles about the effects of the chemistry of CO2 on a huge
range of Earth’s biological and chemical systems and analyzing the author’s qualifications and
intended audience (RST.9–10.2, 10, RST.11–12.2, 10). Students also watch a film about ocean
acidification and record the stated facts that include statistics and those that do not. They
analyze the validity of those statistics and create a cause and effect table from information
in the video (SL.9–10.2). The instructor divides the students into groups to plan a detailed
laboratory investigation that focuses on one specific effect that increasing atmospheric CO2
has on the ocean and its subsystems. The instructor also demonstrates a computer simulation
that models the overall effects of ocean acidification (MP.4, N-Q.1, S-ID.6, 7, F-LE.1b,c).
Students participate in a mock summit in which students express the point of view of
stakeholders involved in the processes of ocean acidification (SL.9–10.1, SL.11–12.1).

Resources:
This activity sequence is based closely on lessons from Systems Education Experiences at the
Baliga Lab at Institute for Systems Biology 2017. Please refer to them for much greater detail
http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link41. They provide a recorded webinar walking
through the lesson sequence and a number of downloadable resources. Ocean Acidification:
A Systems Approach to a Global Problem was made possible by National Science Foundation
through awards OCE 0928561, MCB 1316206, & PLR 1142049.
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Physics of the Universe:
Integrating Physics and Earth and Space Sciences
Introduction
Physical processes govern everything in the universe. Geoscientists require a strong
background in the laws of physics in order to interpret processes that shape the
Earth system [CCC-4] , and physicists benefit from applying their models [SEP-2] in a
range of contexts. Forces of moving water push tiny particles of sand along beds of rivers,
sometimes hard enough that they collide with the rocks with such force that a piece of
the river bed breaks off. Over time, the Grand Canyon forms. Gravity pulls constantly on
rocks at the surface of the Earth, and sometimes the frictional forces resisting movement
falter. A landslide crashes down a canyon, destroying everything in its path. The nuclei of
atoms thousands of miles below the surface that have remained stable for millions of years
spontaneously explode apart, releasing massive amounts of energy [CCC-5] and heating
up the surrounding rock. A geyser of hot steam erupts in California, releasing some of
this excess heat to the surface. In each case, an earth or space scientist is studying the
physics of the situation, perhaps using a computer model to fast forward millions of years
of energy [CCC-5] transfer to explain [SEP-6] what we see on Earth today. Alongside
this scientist is a team of engineers, hoping to use this understanding to design and test
solutions to many of society’s problems from natural hazards to global warming, or to
minimize our impact on the natural world.
Physics teachers may not have a strong Earth science background. While it is true that
there may be historical background and details that are new, the physical processes are
not. The laws of physics are universal. In fact, Earth and space science applications are
excellent motivations to the study of physical laws. A classic example is waves, a topic
with such universal importance that the California Next Generation Science Standards (CA
NGSS) devotes an entire set of disciplinary core ideas (DCIs) in physical science to them.
With such significance, it seems unfortunate that the most common classroom application
of them is a string held between two people. While it is indeed elegant that such a simple
demonstration can capture such a rich process, it is hard to claim that this demonstration
is truly exciting or evokes great curiosity. Earthquakes, however, are all about waves and
students are filled with questions motivated by personal relevance in California. Earthquakes
can be visualized with real-time data downloaded from around the world, or with
accelerometers built into nearly every cell phone. Frequency, period, and amplitude are all
there on a seismogram, ready to be interpreted. Earth science can be a door into physics.
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Even a physics teacher that is enthusiastic about this integration in principle may still
feel apprehensive about teaching a course that deals with a discipline they may never have
studied. Research on self-efficacy shows that a teacher who is not confident will not teach
as effectively, often reverting to tasks with low cognitive demand rather than the rich threedimensional learning expected by the CA NGSS. Districts should be mindful and be sure to
allocate resources to professional learning and collaborative planning time so that teachers
can learn from one another. No matter what resources are allocated, teachers will still have
to choose how to react to the change. Science teachers, as a general rule, became science
teachers because they love learning about science. Teachers can try to approach this course
with an appreciation for the opportunity to learn about a new science alongside students.
They can be beacons of curiosity and inquiry in their classrooms. A teacher asking questions
and seeking answers is a much better role model than a teacher that appears to know
everything.

Purpose and Limitations of this Example Course
The CA NGSS do not specify which phenomena to explore or the order in which to
address topics because phenomena need to be relevant to the students who live in each
community and should flow in an authentic manner. This chapter illustrates one possible
set of phenomena that will help students achieve the CA NGSS performance expectations
(PE). Many of the phenomena selected illustrate California’s Environmental Principles
and Concepts (EP&Cs), which are an essential part of the CA NGSS (see chapter 1 of this
framework). However, the phenomena chosen for this statewide document will not be ideal
for every classroom in a state as large and diverse as California. Teachers are therefore
encouraged to select phenomena that will engage their students and use this chapter’s
examples as inspiration for designing their own instructional sequence. For example, the
course could be restructured around contemporary issues of health or ecosystem change
faced by a local community.
This example course is divided into instructional segments (IS) centered on questions
about observations of a specific phenomenon. Different phenomena require different
amounts of classroom investigative time to explore and understand, so each instructional
segment should take a different fraction of the school year. As students achieve the
performance expectations within the instructional segment, they uncover DCIs from physical
science, Earth and space science, and engineering. Students engage in multiple practices
in each instructional segment, not only those explicitly indicated in the performance
expectations. Students also focus on one or two crosscutting concepts (CCCs) as tools to
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make sense of their observations and investigations; the CCCs are recurring themes in all
disciplines of science and engineering and help tie these seemingly disparate fields together.
This chapter clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction to
science, serves as a senior capstone course that integrates and applies science learning
from all previous science courses, or aligns with the expectations of advanced placement
(AP) or international baccalaureate (IB) curriculum.

Example Course Mapping for an Integrated Physics and Earth and
Space Science Course
The sequence of this example course (table 7.6) is based on a specific storyline about
renewable energy [CCC-5] (figure 7.43). Both physical science and Earth and space
science DCIs emphasize how discoveries in those disciplines influence society, but the
two differ in which aspects of society they focus upon. Physical science emphasizes
society’s use of technology while Earth and space science emphasizes humanity’s impact
on natural systems [CCC-4] and the other way around (issues defined in California’s
EP&Cs). A major emphasis in the first several instructional segments of this course is one
topic, relevant to society as a whole, in which these two disciplinary focuses intersect:
electricity production. The main engineering design challenges relate to designing, building,
evaluating, and refining systems [CCC-4] for electricity generation and considering the
environmental impacts of each method on the different components of Earth’s systems
[CCC-4] . The theme is not all-encompassing, as many of the performance expectations

pertain to core ideas that are disjointed from renewable energy [CCC-5] .
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Table 7.6. Overview of Instructional Segments for High School Three-Course Model
Physics of the Universe

1

Forces and Motion
Students make predictions using Newton’s laws. Students
mathematically describe how changes in motion relate to
forces. They investigate collisions in Earth’s crust and in an
engineering challenge.

2

Forces at a Distance
Students investigate gravitational and electromagnetic
forces and describe them mathematically. They predict the
motion of orbiting objects in the solar system. They link the
macroscopic properties of materials to microscopic electromagnetic attractions.

3

Energy Conversion
Students track energy transfer and its conversion
through different stages of power generation. They evaluate
different power plant technologies. They investigate
electromagnetism to create models of how generators work
and obtain and communicate information about how solar
photovoltaic systems operate. They design and test their own
energy-conversion devices.

4

Nuclear Processes
Students develop a model of the internal structure of
atoms and then extend it to include the processes of fission,
fusion, and radioactive decay. They apply this model to
understanding nuclear power and radiometric dating. They
use evidence from rock ages to reconstruct the history of the
Earth and processes that shape its surface.

5

Waves and Electro-magnetic Radiation
Students make mathematical models of waves and
apply them to seismic waves traveling through the Earth.
They obtain and communicate information about other
interactions between waves and matter with a particular
focus on electromagnetic waves. They obtain, evaluate, and
communicate information about health hazards associated
with electromagnetic waves. They use models of wave
behavior to explain information transfer using waves and the
wave-particle duality.
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6

Stars and the Origin of the Universe
Students apply their model of nuclear fusion to trace
the flow of energy from the Sun’s core to Earth. They use
evidence from the spectra of stars and galaxies to determine
the composition of stars and construct an explanation of the
origin of the universe.

Sources: National Highway Traffic Safety Administration 2016; adapted from Black and Davis 1913,
242, fig. 200; adapted from NASA 2003a; Leaflet 2004; adapted from Wikimedia Commons 2011;
adapted from Sorenson 2012; adapted from Jordan 2010; adapted from National Oceanic and
Atmospheric Administration and National Centers for Environmental Information with Cooperative
Institute for Research in Environmental Science 2008; adapted from Ezekowitz 2008; NASA, ESA,
and the Hubble SM4 ERO Team/Space Telescope Science Institute 2009

Figure 7.43. Conceptual Flow of Instructional Segments in Example High School ThreeCourse Model Physics of the Universe
Forces & Motion

Origins of our
Universe

Forces at a
distance

Planetary Motion
Star Stuff
Energy
Conversion

Gravity
Gravity

Spectra

Nuclear Processes
Fusion

Fission

3 course model

Physics of the
Universe

Electromagnetic Spectrum

Earthquake Waves

Radiometric Dating
Wave
propagation

Decay

Sea oor age evidence of
plate tectonics

Sources: National Highway Traffic Safety Administration 2016; adapted from Black and Davis 1913,
242, fig. 200; adapted from NASA 2003a; Leaflet 2004; adapted from NASA/JPL-Caltech 2006;
NASA, ESA, and the Hubble SM4 ERO Team/Space Telescope Science Institute 2009; Wikimedia
Commons 2011; adapted from Sorenson 2012; adapted from Jordan 2010; National Astronomical
Observatory of Japan, Institute of Space and Astronautical Science/Japan Aerospace Exploration
Agency 2006; adapted from National Oceanic and Atmospheric Administration and National Centers
for Environmental Information with Cooperative Institute for Research in Environmental Science
2008; adapted from Ezekowitz 2008; NASA 2015
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Physics of the Universe Instructional Segment 1:
Forces and Motion
What does a mountain peak have in common with a car (figure 7.44)? If the
vehicle is involved in a crash, its hood will crumple and bend under the force of the collision.
Mountain ranges, like the Himalayas, are shortened and pushed upwards just like the hood
of a crashed car. Even though the two processes occur at very different scales [CCC-3] ,
both are governed by Newton’s laws.

PHYSICS OF THE UNIVERSE INSTRUCTIONAL SEGMENT 1:
FORCES AND MOTION
Guiding Questions
• How can Newton’s laws be used to explain how and why things move?
• How can mathematical models of Newton’s laws be used to test and improve engineering
designs?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS2-1. Analyze data to support the claim that Newton’s second law of motion describes
the mathematical relationship among the net force on a macroscopic object, its mass, and
its acceleration. [Clarification Statement: Examples of data could include tables or graphs of
position or velocity as a function of time for objects subject to a net unbalanced force, such as
a falling object, an object rolling down a ramp, or a moving object being pulled by a constant
force.] [Assessment Boundary: Assessment is limited to one-dimensional motion and to
macroscopic objects moving at non-relativistic speeds.]
HS-PS2-2. Use mathematical representations to support the claim that the total momentum of a
system of objects is conserved when there is no net force on the system. [Clarification Statement:
Emphasis is on the quantitative conservation of momentum in interactions and the qualitative
meaning of this principle.] [Assessment Boundary: Assessment is limited to systems of two
macroscopic bodies moving in one dimension.]
HS-PS2-3. Apply scientific and engineering ideas to design, evaluate, and refine a device that
minimizes the force on a macroscopic object during a collision. [Clarification Statement: Examples
of evaluation and refinement could include determining the success of the device at protecting an
object from damage and modifying the design to improve it. Examples of a device could include
a football helmet or a parachute.] [Assessment Boundary: Assessment is limited to qualitative
evaluations and/or algebraic manipulations.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
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PHYSICS OF THE UNIVERSE INSTRUCTIONAL SEGMENT 1:
FORCES AND MOTION
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics as well as possible social, cultural, and environmental impacts.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS2.A: Forces and Motion

[CCC-2] Cause and Effect

PS2.B: Types of Interactions

[CCC-4] Systems and
System Models

[SEP-4] Analyzing and
Interpreting Data
[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing
Possible Solutions
ETS1.C: Optimizing the
Design Solution

Highlighted California Environmental Principles and Concepts:
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1-3; A-SSE.1a–b, 3a–c; A-CED.1, 2, 4; F-IF.7.a–e; S-ID.1;
MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.4, 5; RST.11–12.1, 7, 8; WHST.9–12.9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Figure 7.44. Collisions Occur in a Variety of Contexts

Mountains and car crashes involve collisions whose movement and forces can be modeled in
computer simulations (bottom). Sources: Cinedoku Vorarlberg 2009; National Highway Traffic Safety
Administration 2016; Willett 1999; Livermore Software Technology Corporation 2017

Newton’s laws (table 7.7) provide a basis for understanding forces and motion and,
therefore, serve as a foundation for a study of physics. Engineers and scientists apply
Newton’s laws mathematically [SEP-5] or with computational models [SEP-2] to predict
the motion of objects. These calculations (such as depicted in the bottom panels of figure
7.44) enable applications as diverse as building safer automobiles and providing more
reliable forecasts of earthquake hazard. Applying Newton’s laws becomes quite complicated
when considering the forces within deforming bodies like in figure 7.44, but these simple
laws lie at the heart of even the most sophisticated computer simulations.
Table 7.7. Newton’s Laws of Motion
First Law
Law of Inertia

Every object in a state of uniform motion tends to remain in that
state of motion unless it is subjected to an unbalanced external force

Second Law
Definition of Force

F = ma. An object’s acceleration, a, depends on its mass, m, and the
applied force, F.

Third Law
Law of Reciprocity

For every action, there is an equal and opposite reaction. When
one body exerts a force on a second body, the second body
simultaneously exerts a force equal in magnitude and opposite in
direction on the first body.
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Opportunities for ELA/ELD Connections
As a foundation for the study of physics, have students create mini-lessons on Newton’s
Laws of Motion to present to the class. Each team or group of students uses at least
two different sources to research a law of motion for a visual presentation to the
class. The presentation should include a general description/definition of the law
plus an example demonstrating the application of the principle. Visual presentations
make strategic use of digital media to enhance findings, reasoning, evidence, and add
interest.
CA CCSS for ELA/Literacy Standards: RST.9–12.2, 7; WHST. 9–12.6, 7, 8; SL.9–12.5
CA ELD Standards: ELD.PI. 9–12.6, 9

In the middle grades, students investigated forces to establish a relationship between
force, mass, and changes in motion (MS-PS2-2) and designed solutions to minimize the
impact of a collision (MS-PS2-1). These experiences form the basis of a solid conceptual
model of Newton’s laws. Now, they are ready to extend these models [SEP-2]
using mathematical thinking [SEP-5] so that they can use their models to predict precise
outcomes. This process begins with mathematical descriptions of motion.
HS-PS2-1 requires students to “analyze data to support the claim that Newton’s
second law of motion describes the mathematical relationship among the net force on
a macroscopic object, its mass, and its acceleration.” Before jumping into quantitative
calculations, teachers should help students engage with their preconceptions about forces
and motion through conceptual challenges. Teachers can administer the Force Concept
Inventory (Hestenes 1998) to assess students’ knowledge at the beginning of the course.
Guided inquiry tutorials (see University of Maryland Physics Education Research Group,
Tutorials in Physics Sense-Making at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link42)
help students refine their conceptual models and are specifically designed for students to
confront misconceptions. With these foundations, students analyze and interpret [SEP-4]
tables or graphs of position or velocity as a function of time for objects subjected to a
constant, net unbalanced force and compare their observations to predictions from the
mathematical model (HS-PS2-1). Given the force and the mass, students learn to calculate
the acceleration of an object. Given the mass and the acceleration, students should be able
to calculate the net force on the object. Accordingly, students should be able to analyze
simple free-body diagrams to calculate the net forces on known masses and, subsequently,
determine their acceleration. In each of these cases, the clarification statement for
HS-PS2-1 states that students should be examining situations where the force remains
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constant during the interaction. Gravity is the most consistent way to apply a constant
force, so the most consistent results will come from analyzing objects moving down ramps
or falling. Computer simulations and digital video analysis tools generate graphs of position
versus time, speed versus time and acceleration versus time, providing an opportunity to
visualize, analyze, and model motion.
The standard formulas of velocity, acceleration, and Newton’s second law are all
mathematical models [SEP-2] . In the CA NGSS, students should be able to use models to
make predictions. Curriculum should therefore provide students with opportunities not only
to perform calculations, but to test them using hands-on activities and computer simulations.

Engineering Connection: Testing Material Strength
Newton’s second law can also be used to test the strength of different materials for
a design challenge. A satellite must withstand vibrations from a rocket launch, a
hospital must withstand earthquake shaking, and a child’s toy must be able to
withstand being sat on by a toddler. In many of these cases, it is not practical to do
iterative testing on the actual objects (they cannot build various trials of a hospital
and have each of them fall down—each one takes years and cost millions of dollars
to complete). Instead, engineers do calculations to test their designs before investing
the time and materials to actually build a prototype. In the classroom, students could
determine the maximum force a toothpick can withstand before it snaps or a toilet
paper tube before it buckles. They do this by placing heavy objects on top of the test
material and measuring the amount of mass that causes [CCC-2] the material to
break. Since the acceleration of gravity is constant, the force can be calculated using
the mathematical model W = mg (a special case of F = ma where W is the force of
the object’s weight, m is mass, and g is the constant of gravitational acceleration). By
comparing this force to calculations of the expected force on impact during a design
challenge, they can make informed decisions about materials. Engineers perform similar
calculations to provide evidence that their design will withstand the expected forces.
They often use computer simulations like in figure 7.44 to perform these calculations.

Students extend their study of forces and motion to include collisions and the concept
of momentum. The law of conservation of linear momentum states that for a collision
occurring between object one and object two in an isolated system [CCC-4] , the total
momentum of the two objects before the collision is equal to the total momentum of the
two objects after the collision. Again, students will use mathematical representations
[SEP-5] of these systems as models [SEP-2] . They should be able to apply these models

to a range of scenarios.
The assessment boundaries for HS-PS2-1 and HS-PS2-2 are limited to one-dimensional
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systems [CCC-4] with constant forces. Most everyday interactions, however, are more

complicated and involve complex, three-dimensional systems in which forces and accelerations
change. Thus, the motion of such things as a swinging trapeze artist, the crushing of a car
door during a side impact, or the ground shaking during an earthquake can be broken down
and analyzed qualitatively in terms of the three-dimensional forces acting on the objects at
each moment during the motion. Computational models [SEP-2] employ this exact strategy,
using Newton’s laws to calculate changes in motion over a series of short, successive time
increments. The following snapshot is one example of a complex problem in Earth science
motivated by rich context and then addressed using tools appropriate for the high school
level in the CA NGSS.

Physics of the Universe Snapshot 7.11:
Applying Newton’s Laws to the Earth
Mr. H ran an efficient technology-enhanced classroom where he was helping
students become self-starters on engaging individual projects. After a few
weeks investigating Newton’s laws through laboratory data analysis [SEP-4]
(HS-PS2-1), direct instruction, guided practice, and homework problem sets,
Mr. H. wanted his students to be able to relate them to Earth processes.
Anchoring phenomenon: Many ocean trenches, oceanic ridges, mountain
ranges, valleys, and plateaus on Earth are long and relatively straight.

As Mr. H.’s students entered the room, they opened the class Web site on their
mobile devices and found the day’s agenda. Each group of three students was assigned
to investigate and characterize one of the following land and sea-floor features with a
virtual globe, map, and geographical information program such as Google Earth: trenches
(Mariana, Aleutian, Puerto Rico, Japan), oceanic ridges (Mid-Atlantic, East Pacific, Nazca,
Mid-Indian), seamounts (Loihi, Davidson, Tamu Massif, Banua Wuhu), mountain ranges
(Himalaya, Sierra Nevada, Rocky Mountains, Alps), valleys (California Central Valley,
Ethiopian Rift Valley, Yosemite Valley, Rhone Valley), or plateaus (Kukenan Tepui, Monte
Roraima, Table Mountain, Auyantepui). As the opening bell rang, students were already
actively searching their geomorphic features. Mr. H. used a remote desktop to freeze
their devices so he could clarify the instructions printed on the agenda Web page. Each
team was to develop a tour-guide script that one of their members would read as they
introduced their geomorphic feature to the class. Each group was to create a narrated
animated tour in which they provided voiceovers, and descriptive pop-up balloons as they
“flew” their audience around the globe in a video-like experience. Each animated fly-by or
float-by tour had to include a description of the constructive forces (such as volcanism and
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Physics of the Universe Snapshot 7.11:
Applying Newton’s Laws to the Earth
tectonic movements) and destructive mechanisms (such as weathering, landslides, and
coastal erosion) that have shaped their feature (HS-ESS2-1). Students worked throughout
the period, integrating their knowledge of plate motions and surface processes with the
features they observed. Students were required to make strategic use of digital media
(e.g., textual, graphical, audio, visual, and interactive elements) in their presentations to
enhance understanding of findings, reasoning, and evidence and to add interest, thereby
meeting CA CCSS for ELA/Literacy SL.11–12.4–5.
The following day, students proudly presented their fly-by videos, providing the class
with an introduction to key oceanic and continental geomorphic features. Following the
video presentations, Mr. H. asked students to describe how Newton’s laws helped explain the
formation of such features. Students typed their responses into an online form that allowed
Mr. H to monitor their thinking in real-time. It soon became clear that although his students
seem to have a good grasp of Newton’s laws as measured by a traditional assessment,
and although they seemed to have a good understanding of key geomorphic features, they
appeared unable to apply Newton’s laws to explain the formation of such features.
Investigative phenomenon: Layers of sand in a squeeze box deform as a
plunger presses against one end.

Mr. H. proceeded with an interactive lecture on the concept of geological stress
(pressure), the ratio of force per unit area. Although pressure is easy to conceptualize
and measure using the simple, homogeneous, discrete objects commonly used in
physics investigations, it is much more difficult to understand when discussing complex,
heterogeneous, continuous objects such as the Earth’s crust. To help students visualize
the application of Newton’s laws in geological systems, Mr. H. presented a squeeze box
with a screw mechanism (figure 7.45).
Figure 7.45: Physical Model of Forces Deforming Layers in a Sandbox

Source: Muller 2000. Used with permission, from the Squeeze Box Science Snack, http://
www.cde.ca.gov/ci/sc/cf/ch7.asp#link43 by Eric Muller, © Exploratorium, http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link44
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Physics of the Universe Snapshot 7.11:
Applying Newton’s Laws to the Earth
Layers of dark and light sand were placed in alternating horizontal layers in the box
and pressure applied with a screw mechanism. As the crank turned, layers deformed,
simulating geological folding and mountain building. Unlike other physics problems the
students had encountered using rigid objects, the sand was clearly not rigid. Scientists
often break down complex problems like this into much smaller pieces, where the smaller
pieces each behave like a rigid body. Mr. H showed an example in which scientists used
this sort of computational thinking [SEP-5] by means of computer simulations called
discrete element analysis. (figure 7.46)
Figure 7.46: Computer Model of Layers Deforming During Continental Collision

Source: Handy 2006
Mr. H asked students to work in pairs to label the forces acting on a small section of
sand near the middle of the model. Students uploaded photos of their diagrams to the
class Web page so that everyone could see their peers’ work. Mr. H selected two student
diagrams to show side-by-side and asked the class to identify the differences (figure 7.47).
Most of the students had correctly identified the force related to the crank pushing on one
side, but a substantial fraction of them forgot to include the force of the opposing wall.
Mr. H asked students to consider the vector sum of the forces to make sure it pointed in
the same direction as the change in motion.
Figure 7.47: Example Student Diagrams
Student 1

Student 2

Crank
gravity

Diagram by M. d’Alessio
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Physics of the Universe Snapshot 7.11:
Applying Newton’s Laws to the Earth
Mr. H next asked students how Newton’s second law (F=ma) applied to this situation
using the online student response form. This time, many students mentioned that
force (applied through the screw) caused the mass of the individual particles (sand) to
accelerate as evidenced by the movement of layers within the box. Mr. H told the students
that there was some truth to that statement, but he disagreed that this explanation
described most of the motion within the system. He challenged his students to identify
the evidence on which he based his argument [SEP-7] . They were confused at first,
but Mr. H walked around as teams of students discussed his statement. He asked them
leading questions, such as “How would you describe the velocity of the wall?” Each
team eventually realized that once it started moving, the wall continued to move at a
constant velocity and was therefore not accelerating. A large fraction of the sand in the
model moved constantly but did not deform, so it too did not accelerate. At any given
time, only a small fraction of the model was accelerating. The same thing happened in
the real world. Mr. H showed observations from precise GPS measurements that revealed
that most plates move at constant rates in constant directions for decades (i.e., no
acceleration). Clearly forces are being applied to the system [CCC-4] , so why doesn’t it
accelerate despite the constant force applied on the edges? Some students recognized
friction as being important as the grains of sand slid past one another. They reasoned that
friction or other forces within the system must balance the external forces. Earth scientists
studying plate tectonics consider both the driving forces that push and pull the plates
(related to gravity and convective processes in Earth’s interior) as well as friction along
the boundaries of plates (including drag along the bottom), momentum transfer from
collisions with other plates, and the forces that arise from energy dissipation from friction
within materials (often called plastic deformation). Even today, scientists are still trying to
find ways to measure or estimate the strength of these forces to determine which ones
are most important for causing the plates to move and deform. Beyond plate motions,
plastic deformation is an important part of the energy balance of devices that minimize
force during collisions such as vehicle crumple zones (related to HS-PS2-3).
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Engineering Connection: Collision Challenge
Equipped with a basic understanding of classical mechanics, including Newton’s three
laws of motion and the momentum conservation principle, students should now be
able to “apply scientific and engineering ideas to design, evaluate, and refine a
device that minimizes the force on a macroscopic object during a collision” (HSPS2-3). A classic activity that meets this performance expectation is the egg-drop
contest, in which students are challenged to develop devices that protect raw eggs
from breaking when dropped from significant heights (figure 7.48). In the process,
students demonstrate competence with HS-ETS1-1; they start by considering a complex
problem such as automobile collisions or sports injuries, and then they define the
problem [SEP-1] in terms of qualitative and quantitative criteria and constraints for
solutions. With teacher guidance the students can then divide the entire problem into
smaller, more manageable problems that can be solved through engineering (HSETS1-2). The students should be encouraged to generate multiple solutions [SEP-6] ,
and to evaluate their ideas based on prioritized criteria and trade-offs (see the section
on decision matrices in chapter 11 of this framework), taking into account cost, safety,
and reliability as well as social, cultural, and environmental impacts (HS-ETS1-3).
Students then build and test a model of their most promising idea and modify it based
on the results of the tests. Testing can include computer simulations that model how
solutions function under different conditions (HS-ETS1-4).

Figure 7.48. Engineering Solutions to an Egg Drop Challenge

Students learn physics principles such as impulse and momentum while simultaneously learning
engineering design and testing principles while designing and developing devices for challenges such
as the classic egg-drop contest. Source: Buggy and Buddy 2014
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Throughout the process, students should justify [SEP-7] their design choices and
revisions in terms of physics concepts, rather than using trial and error or guesswork. The
engineering solutions students create are examples of systems [CCC-4] of interacting
components. Students discover that the exact physical structure [CCC-6] (the arrangement
of the components) can have a large impact on the function of their design. Students can
draw pictorial models [SEP-2] showing the direction forces act and can label the role each
piece plays in their solution.
Engagement in this activity also tests student understanding of the momentum-impulse
connection:

t

, where F = force, t = time, m = mass, and v = velocity. The

m

product of force and the time over which the force is applied is known as the impulse (

t)

and is equal to the change in momentum of the object to which the force is applied (m

).

One can decrease the force necessary to bring a moving object to rest by increasing the
time over which the force is applied. For example, air bags, car crumple zones, helmets,
parachutes, and padded catcher’s mitts (figure 7.49) reduce the potential for injury by
decreasing the force necessary to bring objects to a halt by increasing the time over which
such forces are applied.
Figure 7.49. Real-World Engineering Applications of Momentum-Impulse Connections
(a)

(b)
air bag

crumple
zone

crumple
zone

passenger cell

(c)

(d)
rigid outer
shell

(e)

impact
absorbing
liner

face
shield
comfort/ﬁt
padding

The product of force and the time over which the force is applied is known as the impulse ( t),
and is equal to the change in momentum of the ob ect to which the force is applied (m v). ne can
decrease the force ( ) necessary to bring a moving ob ect to rest by increasing the time ( t) over
which the force is applied, such as is accomplished by (a) an automobile air bag, (b) a helmet, (c) a
baseball catcher’s mitt, or (d) a parachute. Sources: M. d’Alessio with images from National Highway
Traffic Safety Administration 2015; adapted from KTEditor 2014; adapted from OpenClipart-Vectors
2013b; Clker-Free-Vector-Images 2012; OpenClipart-Vectors 2013a; Headquarters Department of the
Army 2012
https://pixabay.com/en/car-transportation-automobile-auto-533592/#
https://www.safercar.gov/parents/seatbelts/Pregnancy-Seat-Belt-Safety.htm
https://pixabay.com/en/baseball-sports-glove-gloves-25759/
https://pixabay.com/en/baseball-ball-sports-equipment-157881/
https://pixabay.com/en/motorcycle-helmet-protection-safety-157041/
https://commons.wikimedia.org/wiki/File:MC-3_Open_Parachute.jpg
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Physics in the Universe Instructional Segment 2:
Forces at a Distance
Instructional segment 1 introduced the concept of force as an influence that
tends to change the motion of a body or produce motion or stress within a stationary body.
While forces govern a wide range of interactions, the design challenge and many of the
simplest applications from IS1 primarily involved interactions between objects that appeared
to be physically touching. Instructional segment 2 builds upon this foundation by examining
gravity and electromagnetism, forces that can be modeled as fields that span space. Despite
the fact that we cannot see them, we interact with these fields on a daily basis and students
are already familiar with their pushes and pulls.
PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 2:
FORCES AT A DISTANCE
Guiding Questions
• How can different objects interact when they are not even touching?
• How do interactions between matter at the microscopic scale affect the macroscopic
properties of matter that we observe?
• How do satellites stay in orbit?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS2-4. Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s
Law to describe and predict the gravitational and electrostatic forces between objects.
[Clarification Statement: Emphasis is on both quantitative and conceptual descriptions of
gravitational and electric fields.] [Assessment Boundary: Assessment is limited to systems with
two objects.]
HS-PS2-6. Communicate scientific and technical information about why the molecular-level
structure is important in the functioning of designed materials.* [Clarification Statement:
Emphasis is on the attractive and repulsive forces that determine the functioning of the material.
Examples could include why electrically conductive materials are often made of metal, flexible
but durable materials are made up of long chained molecules, and pharmaceuticals are designed
to interact with specific receptors.] [Assessment Boundary: Assessment is limited to provided
molecular structures of specific designed materials.]
HS-ESS1-4. Use mathematical or computational representations to predict the motion of
orbiting objects in the solar system. [Clarification Statement: Emphasis is on Newtonian
gravitational laws governing orbital motions, which apply to human-made satellites as well as
planets and moons.] [Assessment Boundary: Mathematical representations for the gravitational
attraction of bodies and Kepler’s Laws of orbital motions should not deal with more than two
bodies, nor involve calculus.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 2:
FORCES AT A DISTANCE
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-5] Using Mathematics
and Computational Thinking

PS2.B: Types of Interactions

[CCC-1] Patterns

ESS1.B: Earth and the Solar
System

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-8] Obtaining,
Evaluating, and
Communicating Information

[CCC-3] Scale, Proportion, and
Quantity
[CCC-6] Structure and Function

CA CCSS Math Connections: N-Q.1–3; A-SSE.1a–b, 3a–c; A-CDE.2, 4; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, WHST.9–12.2.a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

At the middle grades level, students established a firm groundwork for studying
gravitational and electromagnetic forces. They gathered evidence [SEP-7] that fields exist
between objects and exert forces (MS-PS2-5), asked questions [SEP-1] about what causes
the strength of electric and magnetic forces to vary (MS-PS2-3), and determined one factor
that affects the strength of the gravitational force (MS-PS2-4). This high school instructional
segment extends those skills by providing mathematical models [SEP-2] of these forces.
Though students’ everyday experiences with electric forces, magnetic forces, and gravity
all seem to be independent of one another, these mathematical models will reveal some
important connections between them.

Science and Engineering Practices and the History of Gravity
Although scientists have studied gravity and electromagnetism intensely for centuries, many
mysteries remain concerning the nature of these forces. The CA NGSS learning progression
mirrors the historical development of our understanding of gravity and orbital motion.
In 1576 Danish scientist Tycho Brahe set up the world’s most sophisticated astronomical
observatory of its time. He methodically investigated [SEP-3] and recorded the motion
of celestial objects across the sky. Just before he died, Brahe took on Johannes Kepler as a
student who analyzed the data [SEP-4] to develop a simple descriptive model [SEP-2] .
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Even though his model did a superb job of predicting the motion of objects in the sky, it was
incomplete because it could not explain the fundamental forces driving the motions. In the
late 1600s Isaac Newton extended Kepler’s model by describing the nature of gravitational
forces. From his fundamental equations of gravity, Newton was able to derive Kepler’s
geometric laws and match the observations of Brahe. Newton is known not only for his
innovative thinking, but for his ability to communicate [SEP-8] clearly; many twenty-first
century physics classes still read his book Principia Mathematica to learn about his ideas. In
the CA NGSS, elementary students mirror the work of Brahe, recognizing patterns [CCC-1]
in the sky (1-ESS1-1, 5-ESS1-2). In the middle grades, students mirror the work of Kepler
by making simple models [SEP-2] that describe how galaxies and the solar system are
shaped (MS-ESS1-2). In high school, students add mathematical thinking [SEP-5] to their
descriptive model (using Kepler’s laws, HS-ESS1-4) and then finally extend their model to a
full explanation with the equations of the force of gravity from Newton’s model (HS-PS2-4).

Equations of Gravitational Force
Students should be able to use Newton’s Law of Gravitation to describe and predict
the gravitational attraction between two objects (HS-PS2-4). Newton’s law is expressed as
F=Gm1m2 /r 2, where F represents the gravitational force, m1 and m2 represent the masses of
two interacting objects, r represents the distance (radius) between the centers of mass of
these two objects, and G is the universal gravitational constant.

Opportunities for Mathematics Connections
Students should be able to “rearrange formulas to highlight a quantity of interest,
using the same reasoning as in solving equations” (CA CCSSM A-CED.4). Thus, given
G and any three of the variables, students should be able to apply basic algebra
to calculate [SEP-5] the value of the remaining variable. Students are expected
to make quantitative predictions using this equation, and they must also be able to
understand it qualitatively (HS-PS2-4).
CA CCSS Math Standards: A-CDE.4

Mathematical models, such as expressed in Newton’s Law of Gravitation, provide
the opportunity for students to conceptualize complex physical principles using elegant
equations. All mathematical models [SEP-2] in science are based on physical principles of
relationships between scale, proportion, and quantity [CCC-3] . To assess understanding
of such models, teachers can ask questions like, “What happens to the force of gravity if
one doubles the mass?” or “What happens to the force of gravity if the distance between
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the centers of mass of the two objects is doubled?” In the middle grades, students argued
that gravity always attracts objects together, but they only had empirical evidence and could
not describe any mechanism for this behavior. Students can explain [SEP-6] why gravity is
always attractive by referring to Newton’s Law of Gravitation (noting that mass can never be
negative, so all terms are positive).

Equations of Electrostatic Force
Working together, electricity and magnetism are a constant presence in daily life: electric
motors, generators, loudspeakers, microwave ovens, computers, telephone systems, static
cling, the warm glow of the Sun, maglev trains, and electric cars, to name a few.
Asking students to identify the scientific principles that engineers apply to design
and improve such technologies provides opportunities to review prior learning and
recognize the value of science in everyday life. It also opens the door to understanding
the interdependence of science, engineering, and technology [CCC about nature of
science] in which scientists aid engineers through discoveries that can be incorporated

into new devices, while engineers develop new instruments for observing and measuring
phenomena that help further scientific research. In the high school chemistry course,
students create a model describing how electromagnetic forces are ultimately responsible
for holding atoms together in chemical bonds.
Students likely have experience with magnetic latches and are aware of static electricity,
but they will need firsthand experiences with electrostatic forces. Are they always attractive
like gravity? Students can explore conceptual hands-on tutorials (see the University of
Maryland Physics Education Research Group Tutorials in Physics Sense-Making at http://
www.cde.ca.gov/ci/sc/cf/ch7.asp#link45) and interactive simulations (see the Concord
Consortium Electrostatics at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link46).
Students should be able to use the simple equation in Coulomb’s Law to predict
electrostatic forces between two electrically charged objects (HS-PS2-4). Coulomb’s Law
states: F = k(q1q2 )/r2 , where F is the electrostatic force, k is the Coulomb’s constant, q1
and q2 are the magnitudes of the charges, and r is the distance between the charges.
Given k and any three of the variables, students should be able to calculate the value of the
remaining variable.
Students should notice that Coulomb’s Law is strikingly similar to Newton’s Universal Law
of Gravitation. Both forces apparently have an infinite range and are directly proportional
to the magnitude of the component parts (the two masses or the two charges), and
inversely proportional to the square of the distance between them. With guidance, students
2016 California Science Framework

Chapter 7

945

Physics of the Universe
apply computational and mathematical thinking [SEP-5] to conclude that gravitational
and electrostatic forces share a common geometry, radiating out as spherical shapes from
their point of origin (figure 7.50).
Figure 7.50. Many Physical Processes Follow the Inverse Square Law

The intensity of radiation, sound, illumination, electrostatic interaction, and gravity vary as a function
of distance (radius, r) from the source. Source: Herr 2008, 285
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Physics in the Universe Snapshot 7.12: Coulomb’s Law,
Newton’s Gravitation, and CA CCSSM Geometry
Everyday phenomenon: Waves spread out in all directions when a rock falls into
a pond.

Ms. C asked her students to imagine throwing a rock into a glassy-smooth
pond. Waves would emanate in all directions from the point where the rock
hits the surface of the pond. As a wave moves from the point of impact, the
same energy [CCC-5] is spread over an increasingly large area. Initially the
waves are tall, but as the waves get further from the source, they become more diffuse. What
is true of the water wave along the surface of the pond is similar to what happens to any
point source that spreads its influence equally in all directions. Although the water waves are
confined to the surface of the water, point sources, such as radiation, sound, seismic waves,
illumination, electrostatics, and gravity display a similar attenuation with distance (figure 7.50).
Investigative phenomenon: Waves get weaker as you move farther from their
source.

Ms. C provided students access to all the equipment in the lab and asked them to
develop a model [SEP-2] that illustrated how intensity varies with distance. Tom and
Min used a marker to color a square on a balloon and proceeded to inflate the balloon to
observe how the color of the square got lighter as the balloon was inflated. As Joshua and
Maria observed Tom and Min, they got the idea to do the same, but used their cell phones
to video their balloon as it is inflated so that they would have a permanent record to share
with the class. Julia and Tae realized that Joshua and Maria had a good idea, but were
lacking a scale, and improved upon their design by including a ruler in the background.
Ms. C subsequently asked all three teams to share their ideas, and then asked Julia and
Tae to wirelessly send their movie to the data projector so the class could observe the
model (CA CCSS for ELA/Literacy SL.11–12.5). Students then estimated the surface area
of the balloon at three different radii (CA CCSSM G-GMD.1) and noted how the intensity of
the marker color decreased significantly with increasing radius (CA CCSSM G-GMD.5).

Applications of Gravitational Force: Planetary Motions
To verify that his mathematical model of gravitation was correct, Newton compared his
results to observations of planetary orbits. If gravity were holding the planets in their orbits,
Newton should be able to show it. He rearranged his equation to compare its prediction to
the previous work of Johannes Kepler, who had used geometry to describe planetary motion.
Indeed, Newton’s equation simplified to match Kepler’s. The focus of this section is not on
2016 California Science Framework
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deriving Kepler’s Laws for elliptical orbits directly from the gravitational force, but instead to
interpret the evidence of the orbital period of different bodies in our solar system, including
planets and comets. These laws form an excellent illustration of scale, proportion, and
quantity [CCC-3] . By comparing the distance of objects away from the Sun and the time it

takes them to complete one orbit, students recognize a pattern [CCC-1] and then use this
pattern to predict orbital parameters using Kepler’s Laws (HS-ESS1-4). Table 7.8 shows that
the ratio determined by Kepler (orbital period squared divided by orbital distance cubed) is
nearly constant for objects in our solar system. Students can calculate this ratio for Earth
and other planets and then make measurements of the orbital path of comets to try to
estimate how often they will return. The ratio is only true for objects orbiting the same body
(illustrated by the dramatically different ratio for the Moon, also in table 7.8). But students
can use measurements of the Moon to predict the height of satellites in geosynchronous
orbit, which have an orbital period of exactly one day, allowing them to always be in the same
position in the sky. Satellite television receives signals from these satellites. Alternatively,
students can use the orbital period of the International Space Station from its height above
Earth. Students can also use the more complete form of Kepler’s laws to calculate the mass
of distant stars using only the orbital period of newly discovered planets that orbit them.
Table 7.8. Observations of Planetary Distance and Orbital Period

PLANET

PERIOD (yr)

AVERAGE
DISTANCE (AU)

KEPLER’S RATIO:
T 2/R 3 (yr 2/AU 3)

Mercury

0.241

0.39

0.98

Venus

0.615

0.72

1.01

Earth

1

1

1.00

Mars

1.88

1.52

1.01

Jupiter

11.8

5.2

0.99

Saturn

29.5

9.54

1.00

Uranus

84

19.18

1.00

Neptune

165

30.06

1.00

Pluto (dwarf planet)

248

39.44

1.00

Halley’s Comet

75.3

17.8

1.00

Comet Hale-Bopp

2,521

186

0.99

Moon (relative to Earth)*

0.0766

0.00257

345667*

*Kepler’s ratio only works for objects orbiting around the same body. Since the Moon orbits Earth,
its ratio should be much different.
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Engineering Connection:
Computational Models of Orbit
When a company spends millions of dollars to launch a communications satellite or
the government launches a new weather satellite, they employ computer models
of orbital motion to make sure these satellites will stay in orbit and the investment
is not lost. These models [SEP-2] are based on the exact equations introduced in
the CA NGSS high school courses. In fact, students can gain a deeper understanding
of the orbital relationships and develop computational thinking [SEP-5] skills by
interacting directly with computer models of simple two-body systems [CCC-4] . Even
with minimal computer programming background, students could learn to interpret
an existing computer program of a two-body gravitational system. They could start by
being challenged to identify an error in the implementation of the gravity equations in
sample code given to them. Next, students modify the code to correctly reflect the mass
of the Earth and a small artificial communications satellite orbiting around it. They can
vary different parameters in the code such as the distance from Earth or initial speed
and see how those parameters affect the path of the satellite (HS-ESS1-4). At what
initial launch speeds will the satellite stay in orbit? What is the tradeoff between the cost
of fuel and the payload mass?
(Note: Appendix 3 in this framework provides guidance about teaching computer coding
aligned with the CA NGSS.)

While Kepler’s laws present a simple view of orbital shapes and periods, the NRC
Framework pushes teachers to emphasize the importance of changes [CCC-7] in orbits, as
these changes have large impacts on Earth’s internal systems [CCC-4] :
Orbits may change due to the gravitational effects from, or collisions with,
other objects in the solar system. Cyclical changes in the shape of Earth’s orbit
around the [S]un, together with changes in the orientation of the planet’s
axis of rotation, both occurring over tens to hundreds of thousands of years,
have altered the intensity and distribution of sunlight falling on Earth. These
phenomena cause cycles of ice ages and other gradual climate changes.
(National Research Council 2012, 176)
Using realistic computer simulations of Earth’s orbit (HS-ESS1-4), students can
investigate [SEP-3] the effects [CCC-2] collisions (such as the impact that led to the

creation of the Moon) or explore the variation in the Earth–Sun distance to look for evidence
[SEP-7] of cyclic patterns [CCC-1] . They would discover some cyclic patterns [CCC-1]

called Milankovitch cycles, which have a strong influence on Earth’s ice age cycles [CCC-5] .
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Applications of Electromagnetic Forces
Up to this point, this instructional segment has focused on interactions between different
objects via electrostatic, electromagnetic, and gravitational forces. Now, students look at
how forces work within materials at the microscopic level to explain macroscopic properties.
In the middle grades, students developed conceptual models of atoms and molecules
making up the structure [CCC-6] of solids, liquids, and gases. Here they develop and
refine those models [SEP-2] , and understand that the stability [CCC-7] and properties

of solids depend on the electromagnetic forces between atoms, and thus on the types and
patterns [CCC-1] of atoms and molecules within the material.

Most collegiate STEM education is highly departmentalized, with students majoring
in biology, chemistry, geology, astronomy, physics, engineering, mathematics, or related
fields. Students may inadvertently assume that particular topics belong to one discipline
or another and may fail to see the elegance and power of crosscutting concepts that have
applications in a variety of fields. Teachers and students of physics may therefore have
difficulty understanding the relevance of HS-PS2-6 which focuses on how the “molecularlevel structure is important in the functioning of designed materials.” This performance
expectation sounds like it belongs in a chemistry course because it deals with molecularlevel structure or perhaps in engineering because it deals with the functioning of designed
materials. In reality, this performance expectation, like many, can be equally valuable in
many different disciplines of science and engineering. An emphasis on material strength
allows this content to flow well from the previous material in this course.
Students can begin by investigating [SEP-3] materials with macroscopic structure
such as rope, yarn, knitted fabrics, individual clay bricks, clumps of soil, wood, or
handmade paper. Students can sort the objects based on common patterns [CCC-1] in
their structures. Rope, yarn, and wood all have fibers that run dominantly in one direction
while knitted fabrics and paper both have fibers going in multiple directions. Clay bricks
and clumps of soil have tiny particles in a three-dimensional matrix. All materials also have
structure at the atomic level. These structures are held together by attractions caused by
electromagnetic forces that can be different strengths (just as a clump of soil is weaker
than a brick that has a similar internal structure because the forces holding the soil particles
together are weak). Hence, different materials have different properties that are determined
by features at the molecular level.
To develop a model of molecular level structure, students must first refine their model
of the substructure of an atom. The mass of the atom is determined by its nucleus, but its
electronic structure extends far outside the region where the nucleus sits. An important
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idea here is that the geometric size of more massive atoms is not very different from that of
a hydrogen atom. An explanation for this is the fact that the higher charge of the nucleus
pulls the electrons more strongly, so though there are more electrons, and their patterns
[CCC-1] are more complex, there is a roughly common size scale [CCC-3] for all atoms.

Models for materials help make the importance of this fact visible, as students see that you
can fit many different combinations of atoms together in space and, thus, make a great
variety of molecules and materials. For HS-PS2-6, students need only a qualitative, not
quantitative understanding.
HS-PS2-6 requires students to obtain, evaluate, and communicate information [SEP-8]
related to the properties of various materials and their consequent usefulness in particular
applications. The role of engineering in this activity is not to make a design, but to use
engineering thinking to explain [SEP-6] how the substructure relates to the macroscopic
properties of the material and then communicate [SEP-8] that understanding. Performance
expectation HS-PS2-6 emphasizes the skills in appendix M (“Connections to the Common
Core State Standards for Literacy in Science and Technical Subjects”) of the NGSS:
Reading in science requires an appreciation of the norms and conventions of
the discipline of science, including understanding the nature of evidence used,
an attention to precision and detail, and the capacity to make and assess
intricate arguments, synthesize complex information, and follow detailed
procedures and accounts of events and concepts. [Students] need to be able
to gain knowledge from elaborate diagrams and data that convey information
and illustrate scientific concepts. Likewise, writing and presenting information
orally are key means for students to assert and defend claims in science,
demonstrate what they know about a concept, and convey what they have
experienced, imagined, thought, and learned. (NGSS Lead States 2013b)
Students may obtain information [SEP-8] about the molecular-level interactions of
various electrical conductors, semiconductors, and insulators to explain why their unique
properties make them indispensable in the design of integrated circuits or urban power
grids. For example, if students understand that the fundamental structure of metals, such
as copper, aluminum, silver, and gold, can be described as a myriad of nuclei immersed in a
“sea of mobile electrons,” they can then explain that these materials make good conductors
because the electrons are free to migrate between nuclei under applied electromagnetic
forces. By contrast, when students investigate the molecular level properties of covalent
compounds, such as plastics and ceramics, they should note that these compounds behave
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as electrical insulators because their electrons are locked in bonds and therefore resistant
to the movement that is necessary for electric currents. As students learn to communicate
such information, they obtain a better appreciation of cause and effect [CCC-2] . For
example, students should be able to explain that electromagnetic interactions at the
molecular level (causes) result in properties (effects) at the macro-level and that these
properties make certain materials good candidates for specific technical applications.

Physics in the Universe Instructional Segment 3:
Energy Conversion and Renewable Energy
We use energy [CCC-5] every moment of every day, but where does it
all come from? Our body uses energy stored in the chemical potential energy of bonds
between the atoms of our food, which were rearranged within plants using energy from the
Sun. The light energy shining from our computer was converted from the electric potential
energy of electrons from the wall socket that flowed through wires that may trace back to a
wind turbine, which did work harnessing the movement of air masses, which absorbed thermal energy from the solid Earth, which originally absorbed the energy from the Sun. Each
of these examples represents the flow of energy [CCC-5] within different components of
the Earth system [CCC-4] . With each interaction, energy can change from one form to
another. These ideas comprise perhaps the most unifying crosscutting concept in physics
and all other science, conservation of energy [CCC-5] .

PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 3:
ENERGY CONVERSION AND RENEWABLE ENERGY
Guiding Questions
• How do power plants generate electricity?
• What engineering designs can help increase the efficiency of our electricity production and
reduce the negative impacts of using fossil fuels?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS2-5. Plan and conduct an investigation to provide evidence that an electric current can
produce a magnetic field and that a changing magnetic field can produce an electric current.
[Assessment Boundary: Assessment is limited to designing and conducting investigations with
provided materials and tools.]
HS-PS3-1. Create a computational model to calculate the change in the energy of one component
in a system when the change in energy of the other component(s) and energy flows in and out
of the system are known. [Clarification Statement: Emphasis is on explaining the meaning of
mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited to

952

Chapter 7

2016 California Science Framework

Physics of the Universe

basic algebraic expressions or computations; to systems of two or three components; and to
thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.]

HS-PS3-2. Develop and use models to illustrate that energy at the macroscopic scale can be
accounted for as a combination of energy associated with the motions of particles (objects)
and energy associated with the relative position of particles (objects). [Clarification Statement:
Examples of phenomena at the macroscopic scale could include the conversion of kinetic
energy to thermal energy, the energy stored due to position of an object above the earth, and
the energy stored between two electrically-charged plates. Examples of models could include
diagrams, drawings, descriptions, and computer simulations.]
HS-PS3-3. Design, build, and refine a device that works within given constraints to convert
one form of energy into another form of energy.* [Clarification Statement: Emphasis is on both
qualitative and quantitative evaluations of devices. Examples of devices could include Rube
Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of constraints
could include use of renewable energy forms and efficiency.] [Assessment Boundary: Assessment
for quantitative evaluations is limited to total output for a given input. Assessment is limited to
devices constructed with materials provided to students.]
HS-PS3-5. Develop and use a model of two objects interacting through electric or magnetic
fields to illustrate the forces between objects and the changes in energy of the objects due to the
interaction. [Clarification Statement: Examples of models could include drawings, diagrams, and
texts, such as drawings of what happens when two charges of opposite polarity are near each
other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
HS-PS4-5. Communicate technical information about how some technological devices use
the principles of wave behavior and wave interactions with matter to transmit and capture
information and energy.* [Clarification Statement: Examples could include solar cells capturing
light and converting it to electricity; medical imaging; and communications technology.]
[Assessment Boundary: Assessments are limited to qualitative information. Assessments do not
include band theory.]
HS-ESS3-2. Evaluate competing design solutions for developing, managing, and utilizing
energy and mineral resources based on cost-benefit ratios.* [Clarification Statement: Emphasis
is on the conservation, recycling, and reuse of resources (such as minerals and metals) where
possible, and on minimizing impacts where it is not. Examples include developing best practices
for agricultural soil use, mining (for coal, tar sands, and oil shales), and pumping (for petroleum
and natural gas). Science knowledge indicates what can happen in natural systems—not what
should happen.]
HS-ESS3-3. Create a computational simulation to illustrate the relationships among
management of natural resources, the sustainability of human populations, and biodiversity.
[Clarification Statement: Examples of factors that affect the management of natural resources
include costs of resource extraction and waste management, per-capita consumption, and the
development of new technologies. Examples of factors that affect human sustainability include
agricultural efficiency, levels of conservation, and urban planning.] [Assessment Boundary:
Assessment for computational simulations is limited to using provided multi-parameter programs
or constructing simplified spreadsheet calculations.]
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PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 3:
ENERGY CONVERSION AND RENEWABLE ENERGY
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics as well as possible social, cultural, and environmental impacts.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

PS2.B: Types of Interactions
PS3.A: Definitions of Energy

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and
Using Models

PS3.B: Conservation of Energy
and Energy Transfer

[CCC-4] Systems and
System Models

[SEP-3] Planning and
Carrying Out Investigations

PS3.C: Relationship Between
Energy and Forces

[SEP-5] Using Mathematics
and Computational Thinking

PS3.D: Energy in Chemical
Processes and Everyday Life

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
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PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 3:
ENERGY CONVERSION AND RENEWABLE ENERGY
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1,8; WHST.9–12.2.a–e, 7, 8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

The first law of thermodynamics elaborates on the conservation of energy [CCC-5] by
saying that the total energy of an isolated system is constant, and that although energy
can be transformed from one form to another, it can be neither created nor destroyed.
Conservation of energy [CCC-5] requires that changes in energy within a system [CCC-4]

must be balanced by energy flows [CCC-5] into or out of the system by radiation, mass
movement, external forces, or heat flow. The vignette for the physics course in the high
school four-course model (chapter 8) provides a framework for discussing many of these
energy forms and how they convert from one to another. This instructional segment selects
a subset of processes that follow a storyline of tracing the energy flow of our electricity back
to various power plants and renewable energy sources. This approach provides integration
with timely issues in engineering and Earth science.

Electricity in Daily Life
Before students jump into the physical processes that allow us to generate electricity,
students should be able to compare the range of different electricity generation methods
currently in use. This basic familiarity will make all the physical principles more tangible, but
it also allows students to engage in a real-world decision making process (EP&C V) because
each of these energy [CCC-5] sources has advantages and disadvantages (ESS3.A). In
2013 more than half of the electricity in California was generated from fossil fuels (California
Energy Commission Energy Almanac 2016). Many fossil fuel power plants emit toxic
pollutants and can impact the health of ecosystems and people nearby (EP&C IV). Students
can analyze data [SEP-4] from maps of the amount of pollution in their community (see
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the California Office of Environmental Health Hazard Assessment, Cal Enviroscreen 2.0 at
http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link47) and ask questions [SEP-1] about the
pollution source and how it affects human health. Fossil fuels also emit greenhouse gases
that do not have a direct impact on health but contribute to global climate change (ESS2.D;
EP&C III; High School Three-Course Model Chemistry in the Earth System course IS4). At
the same time, these fuel sources are cheap and plentiful. New technology in the last few
years has made other energy sources increasingly viable and California has pledged to
increase the use of these renewable energy sources to one-third of California’s electricity
supply by 2020 (up from less than 20 percent a decade earlier). What issues have been
driving California’s decisions? Excellent classroom resources are available for teaching
about different electricity generation strategies, including formats in which students debate
the relative costs and benefits of each energy source (HS-ESS3-2) (see National Energy
Education Development Project, Great Energy Debate http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link48).

The Physics of Power Plants
A power plant can be thought of as a system [CCC-4] , and energy [CCC-5] is
constantly flowing [CCC-5] out of the system in the form of electricity. The energy in
all systems is finite, so a power plant would quickly run out of energy if it did not have a
constant source of fuel. Each power plant is built to produce a certain amount of energy in
a given time (i.e., power). Students can use Internet resources to find the power generation
capacity and fuel source of the power plant closest to their school. They can then create
a mathematical model [SEP-2] (HS-PS3-1) to calculate the amount of fuel required to
operate the power plant in a day or a year, knowing that the electrical energy flowing out
of the system [CCC-5] has to equal the energy from the fuel sources entering into the

system (at this point, students can neglect efficiency—it will be introduced later).
In the middle grades, students explored various forms of energy [CCC-5] , determining
the factors that affect kinetic energy (MS-PS3-1) and potential energies (MS-PS3-2), the
relationship between kinetic energy and thermal energy (MS-PS3-4), and the concept of
energy transfer in engineering design (MS-PS3-3) and constructing scientific explanations
(MS-PS3-5). Clarification statements for several of these performance expectations
explicitly state that calculations are excluded from the middle grades level. In high school,
students are now ready to quantify the amount of energy objects have and transfer during
interactions. The high school chemistry in the Earth system course also pays explicit
attention to these topics and emphasizes thermal and chemical potential energies.
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The middle grades performance expectations are written broadly such that different
students might come into high school with knowledge of different forms of energy [CCC-5] .
Here, students should organize what they know about these different forms of energy
to make the distinction between energy from particle motion, potential energy due to
interactions between particles, and radiation. Potential energies arise from forces that act at
a distance like gravity and electromagnetism (as discussed in IS2). Students develop and
use a model [SEP-2] that energy [CCC-5] “at the macroscopic scale can be accounted

for as a combination of energy associated with the motions of particles (objects) and
energy associated with the relative position of particles (objects)” (HS-PS3-2). In other
words, the sum of the kinetic and potential energy of component particles (energy of
motion and position) must total the bulk energy measured at the macroscopic level. Using
diagrams, drawings, descriptions, and/or computer simulations, students should be able
to illustrate this summative relationship. This performance expectation is designed to help
students bridge concepts traditionally associated with chemistry (e.g. the energy of atoms
and molecules) with the concepts traditionally associated with physics (e.g. the energy of
macroscopic objects). Students can develop this model by making a poster of the different
stages in a typical thermoelectric power plant (figure 7.51). To generate electricity, these
power plants use heat energy to produce electricity (most fossil fuel, nuclear, geothermal,
and concentrated solar power plants fit in this category). They usually heat water to form
steam, which changes the relative position of the particles from being densely packed in
a liquid into particles that are much farther apart. This change in relative position requires
an increase in the electrostatic potential energy of the water molecules, which we see
macroscopically as having absorbed the latent heat of vaporization. The power plants then
convert thermal energy into kinetic energy. Individual molecules (usually water molecules
heated to steam) are moving very fast and collide with a turbine, transferring some of the
kinetic energy in randomly moving molecules (i.e., thermal energy) into the systematic
motion of the turbine (i.e., kinetic energy of the object). The turbine turns the rotor of a
generator to convert the kinetic energy into electricity. This process will not be 100 percent
efficient because molecular collisions result in energy being transferred to particles moving
in random directions again, reducing the total energy available to move the rotor. At the
macroscopic level, we attribute this lower efficiency to the process we call friction. At
each stage, students communicate [SEP-8] the forms of energy [CCC-5] at both the
microscopic and macroscopic level.
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Figure 7.51. Schematic of a Power Plant

Combustion Gases
Stack

Steam Turbine

Generator

Steam

Pulverized
Coal
Air

Water

Boiler

Condenser

Electricity

Converting Kinetic Energy to Electricity
Electric generators are an essential component in nearly all types of electric power
generation, including coal, nuclear, natural gas, geothermal, tidal, wind turbines,
hydroelectric (basically everything except fuel cells and solar photovoltaic). Students might
try to apply their understanding of microscopic collisions to the energy [CCC-5] conversion
processes within a generator to come to the incorrect conclusion that these collisions impart
kinetic energy to electrons, which move through a circuit. To overcome this preconception,
students must replace that notion with a correct model for conversion of kinetic energy
of objects into electricity. This model requires that students continue their exploration of
electric and magnetic forces from IS2.
For many years, scientists considered electric and magnetic forces to be independent of
each other, but in 1819 Hans Christian Øersted discovered that electric current generates
a magnetic force, and in 1839 Michael Faraday showed that magnetism could be used
to generate electricity. Finally, in 1860 James Clerk Maxwell derived equations that show
how electricity and magnetism are related. Students will follow in their footsteps to plan
and carry out investigations [SEP-3] that illustrate the relationship between electricity

and magnetism (HS-PS2-5). These interactions are essential for understanding how most
electricity is generated in power plants.
Students might recreate Øersted’s simple investigation [SEP-3 in which he noticed
that a compass needle would be deflected from magnetic north when an electric current
passed through a wire that was held above the magnet (figure 7.52a). Students can be
given the challenge of getting the compass needle to deflect a fixed amount (e.g., so that
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it points northeast at 45° instead of north). They will need to explore what happens when
they change the direction of the wire, the voltage through the wire, or the number of winds
of the wire around the compass (figure 7.52b) or move the compass to different locations
around the wire (figure 7.52c). Students should then be able to create an informative poster
communicating [SEP-8] how each of these variables affects [CCC-2] the compass needle.
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Figure 7.52. Magnetic Fields and Electric Currents
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(a): Øersted’s experiment illustrates that an electric current generates a magnetic field. (b and c):
Sensitive compasses can detect the magnetic field surrounding a current-carrying wire. (d): Moving
a looped wire through a magnetic field generates a current within the wire. (e): Moving a magnet
through a looped wire generates an electric current. Source: M. d’Alessio with images from PrivatDeschanel 1876, 656, fig. 456 and OpenClipart-Vectors 2013c.

Students can also place iron filings on a glass plate that rests on top of their wire coil and
use that to map out the strength and orientation of the magnetic field. As they tap on the
plate, the filings align with the magnetic field, with greater concentrations moving to those
locations where the field is strongest. Adding a permanent magnet, students can use the iron
filings to visualize the interaction between the magnetic fields of the wire and the permanent
magnet. Equipped with data on the direction and relative magnitude of the field, students
can draw a qualitative model [SEP-2] of the magnetic field using vectors at various
locations surrounding the wire (HS-PS3-5). In such a model, the direction of the arrows
indicates the direction of the field, while the length of these arrows indicates its magnitude.
After gathering evidence that an electric current creates a magnetic field, students
should investigate if the reverse is also true. They plan and carry out an investigation
[SEP-3] to see if a changing magnetic field can induce an electric current. The simplest

investigation requires connecting a galvanometer in a loop and moving the far side of the
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loop back and forth between two strong magnets (figure 7.52d). Students will observe the
galvanometer needle deflect in opposite directions depending on which way the wire is
moved (indicating that the electric current flows in different directions as the wire moves
in different directions). Students can use this equipment to explore other variables. For
example, they may coil the wire and move the magnet through the center of the coil
and see a similar response (figure 7.52e). This principle is important for creating electric
generators. While students may not be able to make that leap themselves, they should be
able to construct an explanation [SEP-6] about how this principle could be used to make
a generator in which there is a constant flow of electricity. Their explanation could rely on
diagrams (pictorial models [SEP-2] ).

Converting Light to Electricity
Solar panels convert light energy [CCC-5] into electricity. Students will learn
more about the nature of light in IS5, but the focus in this instructional segment is on
understanding the qualitative interactions between light energy and the matter in solar cells
well enough to communicate it to others (HS-PS4-5). Atoms in a solar cell absorb the light
energy, which causes electrons to be knocked loose. Free electrons are key ingredients
of an electric current, but currents require those electrons to move systematically around
a circuit. Silicon semiconductors are set up so that they have a systematic bias in which
electrons preferentially move in a single direction. How does this happen? Pure silicon forms
systematic crystal structures, but adding small amounts of some types of elements disrupts
those shapes and can even allow each silicon atom to be in a configuration with holes that
can accept an additional electron. Adding other specific elements causes the silicon atoms
in the lattice to have an extra electron. Engineers make thin crystals of each type (one with
contaminants that have extra electrons and one with holes for additional electrons) and
stack them on top of one another. Then, when light hits the atoms in this material, the free
electrons are repelled by the extra electrons in one layer and automatically move toward the
layer with space for additional electrons. As the Sun continues to shine and more electrons
get knocked loose, they always flow in the same direction and set up a steady electric
current. Students must be able to understand this interaction between light and matter well
enough to communicate [SEP-8] it to others (HS-PS4-5). Groups of students could make a
fact sheet, a stop-motion animation, or skit to articulate the ideas.
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Physics in the Universe Snapshot 7.13:
Evaluating Plans for Renewable Power Plants
Investigative phenomenon: Windmills and hydroelectric power plants convert
energy from the movement of air and water into electricity.

The city where Mrs. G’s school is located wanted to switch to 100 percent
clean and renewable energy. They were considering two options, a series of
small hydroelectric power dams on a river coming out of the mountains and
a set of windmills in the flat sections of town where it is always windy. Mrs.
G divided the class into small groups and she assigned each one to either create a proposal
for wind energy or a plan for hydroelectric power. Teams began by using mathematical
thinking [SEP-5] to calculate the amount of energy their proposed project would
generate. The hydroelectric group assumed that the dams would harness gravitational
potential energy and used the appropriate equations to evaluate the energy produced by
different height dams (Energy = mass x g x height, where the water mass was determined
by the average annual flow rate on the river calculated using data collected by a United
States Geological Survey (USGS) stream gauge that was available on the Internet).
The wind energy group assumed that the kinetic energy of the air would be harnessed
and used the appropriate equations to evaluate the energy produced by different sized
windmills (Energy = ½ x mass x velocity2, where the mass is calculated using the average
density of air combined with the size of the blades and the speed of the wind. Wind speed
was calculated using the average values from a nearby weather station that had posted
hourly data on the Internet).
Investigative phenomenon: Electric generators are not 100 percent efficient.

Mrs. G taught the students about the concept of efficiency when it came to electric
power generation in which only a fixed proportion [CCC-3] of the energy would be
successfully converted to electricity (while a large fraction would be wasted as heat).
Investigative phenomenon: Which clean energy power source will best meet
the needs of our community?

Each team obtained information [SEP-8] about the efficiency of their energy
generation technology and used it update their estimate of the electrical energy they
could generate. With these basic calculations, each team had to develop a specific
proposal for a power plant that would provide 100 percent of the city’s energy. The wind
teams had to decide how many windmills, and the diameter of the blades. The
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Physics in the Universe Snapshot 7.13:
Evaluating Plans for Renewable Power Plants
hydroelectric teams had to decide how many dams and their heights. Each team produced
a report outlining the benefits of their plan. The class then hosted a town hall meeting
during which teams communicated [SEP-8] their plans and presented an argument that
their proposal was better than the competing plans. This argument had to be supported
by evidence [SEP-7] that went beyond the simple energy calculations but also took into
account the relative benefits and impacts of each technology on natural systems (EP&C
II; for example, dams destroy aquatic habitat, use large volumes of CO2 in their cement,
and result in water lost to evaporation; wind turbines obstruct scenic views, occupy large
amounts of land, and only provide intermittent energy). These competing factors enter
into all real-world decisions about energy generation (EP&C V). Students could have used
a spreadsheet program to try to quantify some of these effects as they compared the
impact of each proposal on the local ecosystem (HS-ESS3-3).
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Engineering Connection:
Engineering Energy Conversion Devices
Now that students have learned extensively about the theory behind energy
conversion [CCC-5] devices, they are now tasked with an engineering challenge
to create one themselves (HS-PS3-3). The vignette in the High School Four-Course
Model—Physics course (chapter 8) in this framework includes a template of what
this design challenge might look like. The first stage of the engineering design process
is to place the goal in the context of the major global challenge of providing affordable
electrical energy without the problems associated with fossil fuels (HS-ETS1-1).
Students evaluated the impacts of different electricity sources at the beginning of this
instructional segment, including a discussion of how fossil fuels contribute to global
climate change. The High School Three-Course Model—Chemistry in the Earth System
course emphasizes physical mechanisms causing climate change and the High School
Three-Course Model—The Living Earth course explores its effects on the biosphere.
Depending on the sequence of courses within each school district, this instructional
segment should draw strong connections to those courses. Designing, building, and
improving energy conversion devices that are more efficient or that pollute less involves
breaking down the complex global problem into more manageable problems that
can be solved through engineering (HS-ETS1-2). Students have learned some of the
scientific principles behind the engineering tools that can help address the challenge
throughout this instructional segment. Students now choose to build their own wind
turbines, hydroelectric power plants, solar panels, or other mini-version of a power
plant that transforms energy from less useful forms, such as wind, sunlight, or motion,
into electricity (arguably the most convenient and useful form of energy in our modern
world). Students learn to work within engineering constraints as they strive to maximize
efficiency (generate the largest power output possible) while taking into account
prioritized criteria and trade-offs (HS-ETS1-3). Students can measure outputs and then
refine their designs to maximize efficiency given constant inputs. Students can also
use existing computer simulations to investigate the impact of these different energy
solutions (HS-ETS1-4).
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Physics in the Universe Instructional Segment 4:
Nuclear Processes and Earth History
Energy [CCC-5] related to changes in the nuclei of atoms drives about 20

percent of California’s electricity generation (California Energy Commission Energy Almanac
2016) (from fission in nuclear power plants), half the heat flowing upwards from Earth’s
interior (from the radioactive decay of unstable elements) (Gando et al. 2011), and all of
the energy we receive from the Sun (from nuclear fusion in its core). In this instructional
segment, students will develop models [SEP-2] for these processes.

PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 4:
NUCLEAR PROCESSES AND EARTH HISTORY
Guiding Questions
• What does E=mc2 mean?
• How do nuclear reactions illustrate conservation of energy and mass?
• How do we determine the age of rocks and other geologic features?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS1-5. Evaluate evidence of the past and current movements of continental and oceanic
crust and the theory of plate tectonics to explain the ages of crustal rocks. [Clarification
Statement: Emphasis is on the ability of plate tectonics to explain the ages of crustal rocks.
Examples include evidence of the ages oceanic crust increasing with distance from mid-ocean
ridges (a result of plate spreading) and the ages of North American continental crust increasing
with distance away from a central ancient core (a result of past plate interactions).] (Also
addressed in the High School Chemistry in the Earth System course)
HS-ESS1-6. Apply scientific reasoning and evidence from ancient Earth materials, meteorites,
and other planetary surfaces to construct an account of Earth’s formation and early history.
[Clarification Statement: Emphasis is on using available evidence within the solar system to
reconstruct the early history of Earth, which formed along with the rest of the solar system 4.6
billion years ago. Examples of evidence include the absolute ages of ancient materials (obtained
by radiometric dating of meteorites, moon rocks, and Earth’s oldest minerals), the sizes and
compositions of solar system objects, and the impact cratering record of planetary surfaces.]
(Also addressed in the High School Living Earth course)
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at
different spatial and temporal scales to form continental and ocean-floor features. [Clarification
Statement: Emphasis is on how the appearance of land features (such as mountains, valleys, and
plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result of both
constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive mechanisms
(such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary: Assessment
does not include memorization of the details of the formation of specific geographic features of
Earth’s surface.] (Also addressed in the High School Living Earth course)
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PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 4:
NUCLEAR PROCESSES AND EARTH HISTORY
HS-PS1-8. Develop models to illustrate the changes in the composition of the nucleus of
the atom and the energy released during the processes of fission, fusion, and radioactive
decay. [Clarification Statement: Emphasis is on simple qualitative models, such as pictures or
diagrams, and on the scale of energy released in nuclear processes relative to other kinds of
transformations.] [Assessment Boundary: Assessment does not include quantitative calculation
of energy released. Assessment is limited to alpha, beta, and gamma radioactive decays.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS1.C: The History of Planet
Earth

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ESS2.A: Earth Materials and
Systems

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

ESS2.B: Plate Tectonics and
Large-Scale System Interactions

[CCC-7] Stability and
Change

[SEP-7] Engaging in
Argument from Evidence

PS1.A Structure and Properties
of Matter
PS1.C: Nuclear Processes

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes
CA CCSS Math Connections: MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.4; RST.11–12.1, 8; WHST.9–12.2.a–e, 7, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Students will need to apply an understanding of the internal structure [CCC-6] of
atoms and be able to read the periodic table. These topics are introduced in the High School
Three-Course Model Chemistry in the Earth System course and no longer presented in the
middle grades. If students have not yet taken the High School Three-Course Chemistry in
the Earth System course, teachers can use nuclear processes to introduce these topics.
Changes in the nucleus occur at a length scale [CCC-3] too small to observe directly,
but students can detect evidence [SEP-7] of these processes by looking at energy and
matter that radiate out of the nucleus as a result of these changes. One can think of these
emissions as an effect [CCC-2] and develop a model [SEP-2] that explains [SEP-6]
the cause [CCC-2] . Students begin the instructional segment by making observations of
a cloud chamber (see MIT Video, Cloud Chamber at http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link49, as a video clip or classroom demonstration). Strange streaks whiz through
the cloud chamber. Students can measure background radiation using a Geiger counter
or even a smartphone app (see Australian Nuclear Science and Technology Organization,
Smartphone radiation detector app tests positive at http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link50). With these observations, students now obtain information [SEP-8] about the
discovery of radioactivity and how scientists in the late 1800s like Becquerel and the Curies
determined that the particles emitted during radioactivity had mass, were often charged,
and emanated in high concentrations from different types of natural materials. Over time,
this understanding has led to the modern models [SEP-2] of radioactivity and the modern
tools for measuring its effects. These concepts can generally not be explored in direct
experimentation in the classroom, so students will need to analyze data [SEP-4] from
external sources and simulations to develop their own understanding of these models.
Scientists have identified only four fundamental interactions, known as fundamental
forces: gravitational, electromagnetic, strong nuclear, and weak nuclear. All interactions
between matter in the universe involve one of these forces. Students studied the first two
during IS2, and the focus in this instructional segment is on the effects of the remaining
two. The strong force ensures the stability [CCC-7] of ordinary matter by binding the
atomic nucleus together, while the weak mediates radioactive decay. Although the strong
and weak nuclear forces are essential for matter as we know it to exist, they are difficult
to conceptualize and relate to because they operate at distance scales [CCC-3] too small
to be seen. As the nucleus gets larger, forces holding nuclei together are overcome by
electrostatic repulsion, which is why the largest atoms on the periodic table are unstable. It
is this instability that result in the nuclei changing in various ways.
The Earth receives more energy [CCC-5] from the Sun in an hour and a half than all
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of humanity uses in a year, but this energy does not come from nothing. Nuclear reactions,
too, must obey conservation [CCC-5] laws , but now students must apply the principle of
mass-energy equivalence (E=mc2) to revise the view that matter is conserved as atoms,
to a more accurate view that the number of nucleons (sum of protons and neutrons) is
conserved. Neither mass, nor the number of atoms of each type are conserved in nuclear
processes, and although such mass conservation laws are applicable to gravitational
and electromagnetic processes they must be revised and refined as we examine nuclear
processes. This revision and refinement process should be stressed as an essential part of
the nature of science.
Nuclear changes [CCC-7] all release large amounts of energy [CCC-5] , but they do so
by different mechanisms. Scientists have recognized several classes of nuclear processes,
including combining small nuclei to make larger ones (fusion) and larger nuclei emitting
smaller pieces (fission, alpha decay, and beta decay). Students develop models [SEP-2]
to illustrate the changes [CCC-7] in the composition of the nucleus of the atom and
the energy [CCC-5] released during each of these processes (HS-PS1-8). Such models
could be in the form of equations or diagrams (figure 7.53). Although it is not necessary to
include quantitative calculations, the models should communicate the conservation of the
combined mass-energy system.
Figure 7.53. Models of Nuclear Processes in Atoms
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In fusion, small nuclei combine together to form larger ones. Since all nuclei have
positive charges (made only of positive protons and neutral neutrons), electrostatic forces
will tend to repel nuclei apart from one another. The closer nuclei get to one another, the
stronger the electrostatic repulsion. Nuclei can get very close to one another if they collide
when they are moving very fast. If they manage to get close enough to one another,
another interaction becomes important: the strong nuclear force, which holds nuclei
together in the first place. Like creating a new chemical bond, creating new strong-force
interactions releases energy [CCC-5] . Students will revisit fusion and apply their qualitative
model of it to stars in IS6, since stellar cores are the only place where fusion naturally
occurs. Efforts have been made to use fusion to make energy on Earth, but the engineering
task is challenging. If scientists and engineers can succeed in making it work, fusion would
be cleaner and safer than just about any other known energy source and is therefore a
worthwhile area of research. Even though fusion can be recreated in laboratories, a large
amount of energy is required for nuclei to reach speeds fast enough to achieve fusion.
Unless the fusion device is extremely efficient, it ends up taking more energy to start the
fusion process than the fusion actually releases. California hosts the most advanced fusion
experiment in the world at the Lawrence Livermore National Laboratory where scientists and
engineers are working daily to make breakthroughs. Students could explore an interactive
computer simulation of the experiment in which they adjust the speed at which atoms are
accelerated until fusion is achieved, making measurements about the amount of energy
used in the device and the amount of energy released by fusion.
Weak interaction processes (beta decay) should be introduced as changes [CCC-7]
in which neutrons transform into protons or protons transform to neutrons. Beta decay
allows atoms to move closer to the optimal ratio of protons and neutrons, and is key to
understanding why all stable nuclei have roughly equal numbers of protons and neutrons,
with a few more neutrons as nuclei gets bigger. Protons have an electric charge while
neutrons are neutral and have a slightly larger mass. Conservation laws dictate that the
charge and extra mass cannot just appear or disappear but must come from somewhere.
Applying the reasoning from conservation laws, students recognize that other subatomic
particles like positrons and neutrinos must exist along with protons, neutrons, and electrons.
Sometimes the competition between different forces within the nucleus causes it to
spontaneously split apart to form two or more smaller nuclei. One of these smaller products
is often a helium nucleus composed of two protons and two neutrons. This particle is called
an alpha particle, so this type of fission is referred to as alpha decay. The smaller nuclei
require less total binding energy, so some of that energy is converted into kinetic energy
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causing the smaller nuclei to rapidly fly away from one another. These nuclei are also
usually unstable because smaller nuclei require a different ratio of protons to neutrons to
be more stable than the original larger nucleus. These smaller nuclei will often release even
more energy, either undergoing beta decay or by releasing energy by gamma radiation
when their component protons and neutrons rearrange to a lower, more stable, energy
configuration.
Nuclear power plants rely on the release of energy [CCC-5] from nuclear changes
[CCC-7] in uranium (and sometimes plutonium). Nuclei of these atoms are unstable and

naturally decay very slowly, primarily by alpha, beta, and gamma decay. Reactors produce
most of their energy by inducing fission, accomplished typically by separating uranium-235
(a nucleus with 92 protons and 143 neutrons) from other isotopes of uranium with different
numbers of neutrons. The naturally occurring mix of uranium isotopes absorbs neutrons,
preventing the fission process from occurring too quickly. However, when fission occurs in
one atom of purified uranium-235, neutrons that are emitted are likely to collide with other
uranium-235 atoms and induce fission. As a result, energy release can be maintained at
a rate far above the typical background level for naturally occurring mixtures of uranium
isotopes. This energy is used to heat water just like other thermoelectric power plants.
Students can use an online simulator to model the fission process and can be given the
challenge to adjust the simulator settings to find the minimum concentration of uranium-235
required to maintain a certain energy output from fission (see PhET, Nuclear Fission at
http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link51).

Using Radioactive Decay to Understand Earth Processes
How old is the Earth? How long ago did human civilizations arrive in California? How
long has this boulder been exposed at the Earth’s surface? Practically any time scientists
want to know about the age of events older than the written historical record, they turn
to radioactive decay to help them find out. This section shows how students can apply
their model [SEP-2] of microscopic radioactive decay to answer such real-world questions.

None of the performance expectations related to radiometric dating require that students
perform calculations of decay rates. The emphasis is instead on a qualitative model of
the radiometric dating process and, more importantly, on the analysis [SEP-4] of results
from radiometric dating to identify patterns [CCC-1] that provide evidence [SEP-7] of
processes shaping Earth’s surface.
When an atom has an unstable nucleus, it decays at a random time. Different elements
behave differently as the number protons and neutrons in a nucleus affects the probability
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that an atom will decay in a certain time period, but it is not possible to predict when
any given nucleus will decay. Science usually strives to find cause and effect [CCC-2]
relationships to predict when future events will occur, but having decay being largely based
on fixed probabilities means that it is not sensitive to external triggers (at least under most
natural conditions). Scientists have learned to calibrate radiometric clocks by measuring the
proportion of radioactively unstable atoms (often called parent products) to stable products
that are produced following decay (so-called daughter products). In a simple system of pure
uranium-235 (a nucleus with 92 protons and 143 neutrons), about 50 percent of the atoms
will have decayed after 700 million years (defined as its half-life). This probability has been
calculated from much shorter observations of radioactive decay in laboratories. By contrast,
pure carbon-14 (a nucleus with six protons and eight neutrons) decays at a much faster rate
with 50 percent of the atoms decaying into nitrogen-14 within just 5,730 years. Students
can visualize what is meant by half-life using a computer simulation (see PhET, Radioactive
Dating Game at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link52) or classroom activity with
pennies representing individual atoms that decay as they flip from heads to tails (Center
for Nuclear Science and Technology Information of the American Nuclear Society, Half-Life:
Paper, M&M’s, Pennies, or Puzzle Pieces: http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link53), or
even using a physical model of ice melting (Wise 1990).
Real materials on Earth rarely involve pure chunks of uranium-235, carbon-14, or
any other radioactive parent product. There are initial amounts of other types of atoms,
including daughter products. A rock can be thought of as a system [CCC-4] with parent
and daughter products, but this system may not be closed and a portion of the daughter
product may escape. Extra or missing daughter products that are not properly accounted
for would alter the calculated age if not properly recognized. Scientists have developed
sophisticated tests involving comparisons of multiple parent–daughter systems to account
for these issues and ensure accurate date measurements.
Scientists use these radiometric clocks to calculate the age of natural materials and learn
about the past. Using data collected by geologists, students can compare the concentration
of radioactive elements in different samples from Earth’s rocks, meteorites that have
crashed into Earth’s surface, and moon rocks. Meteorites have compositions similar to what
we expect the core of the Earth to look like, and are therefore interpreted to be pieces
of other planetary objects that formed around the same time as Earth’s core. Students
can calculate [SEP-5] and compare [SEP-4] the age of these samples (see Keyah Math
Project, “Keyah Math Module 8, Level 2: Age of the Earth” at http://www.cde.ca.gov/ci/sc/
cf/ch7.asp#link54). Many of these meteorites have similar ages of around 4.5–4.6 billion
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years and none have been found with ages older than that. Ages on the Moon are also
similar, though a bit younger (4.4–4.5 billion years old). Students can use all this information
as evidence [SEP-7] for making a claim about the age of Earth itself and use information
about the age of the Moon to construct an account of the timing and possible mechanism by
which it formed (HS-ESS1-6). A detailed assessment task for this performance expectation
was written by the authors of the NGSS as a model of how the three-dimensional learning
appears in the classroom (see Achieve, Unraveling Earth’s Early History—High School
Sample Classroom Task at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link55).
Since Earth formed, its surface has been constantly reshaped. We know this, in part,
by evidence from radiometric dating. Plate tectonics is one process that actively moves
and deforms rocks, and students analyzed [SEP-4] a range of data types supporting this
theory in the middle grades (MS-ESS2-3). In high school, students evaluate the theory to
see if it is consistent with evidence from rock ages calculated using radiometric dating.
They use evidence from rock ages to refine their model of the processes that shape earth’s
landforms (HS-ESS2-1).
The oldest individual minerals in some of Earth’s oldest rocks are about 4.4 billion years
old, though these rocks form only a tiny fraction of the planet’s surface. Few rock formations
are older than even three billion years, and those rocks are only found on the continents. The
spatial distribution of the ages of rocks on continents has complicated patterns [CCC-1] .
For example, some of the oldest rocks in California are located just outside the Los Angeles
area in the San Gabriel Mountains. These rocks formed 1.8 billion years ago and are literally
touching rocks just 85 million years old. This jumble of ages is evidence of California’s
complicated geologic history where faults slice up rock formations and move them across
the state. Some might be surprised to find that the rest of the United States does not
appear that much different (top of figure 7.54). In fact, all continents show evidence of very
complicated geologic histories where rocks of very different ages are mixed as continents
are built up by the collision of smaller pieces and then broken back apart by later episodes
of motion in a different direction. Students can observe maps of different rocks in California
or North America (see USGS, “The North America Tapestry of Time and Terrain” Geologic
Investigations Series I-2781 at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link56) and ask
questions [SEP-1] about the patterns [CCC-1] they notice. Why do the patches of color

take up so much space in the eastern half of the continent while the western United States
looks much more speckled with color? Why are there no metamorphic rocks in the middle of
the country? Why does Florida have so many young rocks?
The seafloor, however, is much younger (no rock being older than 280 million years) and
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shows a clear pattern. We know that there must have been oceans older than 280 million
years ago because we have found fossil marine creatures in rocks that are much older than
those found on today’s continents. So what happened to the rest of the old seafloor? A clue
comes from the fact that ages of rocks on the seafloor typically progress in a logical order in a
symmetrical pattern [CCC-1] from the middle of the ocean outwards (bottom of figure 7.54).
Students should be able to use data from radiometric ages to collect evidence that
the crust is moving (HS-ESS1-5). Running along the center of the ocean is a band of rock
with zero age. This means that there has been no accumulation of daughter product from
radioactive decay (above the background level). How can this be when the unstable parent
isotopes are present and therefore constantly decaying into the daughter products? When
rock is hot, atoms can move around relatively easily and daughter products for radioactive
decay can therefore escape or equilibrate with the background concentration of that
element. As a rock cools, atoms are locked into their positions in crystal lattices; this is the
moment when the geologic clock starts ticking. The new crust in the center of the ocean
was therefore very hot in the recent past, which is evidence that it rose up from Earth’s
interior. As new crust is progressively forming, it also must constantly move away from
the middle of the ocean. At the same time, older crust must therefore be sinking. This is
expected because the crust becomes denser as it cools over time. Ultimately, the seafloor
is subducted at an active plate boundary, which explains why there are no older seafloor
ages). Students can measure the length of crust from the mid-ocean ridge and they know
its age at different points; with this information they can calculate [SEP-5] how quickly
the crust is moving in different ocean basins and even how those rates have changed over
geologic history. Do ocean basins with faster moving seafloor experience more earthquakes
each year?
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Figure 7.54. Rock Ages in the Continental US and Seafloor
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Map of rock ages in the continental United States (top) and seafloor (bottom). Continental rocks are
as old as 4 billion years and are a jumbled mix of ages. Seafloor rocks show a consistent pattern and
are never older than 280 million years. Sources: Adapted from Vigil, Pike, and Howell 2000; National
Oceanic and Atmospheric Administration, National Centers for Environmental Information 2008
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Physics in the Universe Instructional Segment 5:
Waves and Electromagnetic Radiation
At the end of IS4, students found evidence [SEP-7] that supported the idea
that massive blocks of crust are moving, sometimes diving deep into Earth’s interior. One of
the main ways that we investigate Earth’s interior is through seismic waves. Before students
can understand that evidence, they must first understand the basic properties of waves.
Instructional segment 5 introduces mathematical representations of waves and develops
models of wave properties and behaviors.

PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 5:
WAVES AND ELECTROMAGNETIC RADIATION
Guiding Questions
• How do we know what is inside the Earth?
• Why do people get sunburned by UV light?
• How do can we transmit information over wires and wirelessly?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at
different spatial and temporal scales to form continental and ocean-floor features. [Clarification
Statement: Emphasis is on how the appearance of land features (such as mountains, valleys,
and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result
of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive
mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:
Assessment does not include memorization of the details of the formation of specific geographic
features of Earth’s surface.] (Introduced in IS4)
HS-PS4-1. Use mathematical representations to support a claim regarding relationships
among the frequency, wavelength, and speed of waves traveling in various media. [Clarification
Statement: Examples of data could include electromagnetic radiation traveling in a vacuum and
glass, sound waves traveling through air and water, and seismic waves traveling through the
Earth.] [Assessment Boundary: Assessment is limited to algebraic relationships and describing
those relationships qualitatively.]
HS-PS4-2. Evaluate questions about the advantages of using a digital transmission and storage of
information. [Clarification Statement: Examples of advantages could include that digital information
is stable because it can be stored reliably in computer memory, transferred easily, and copied and
shared rapidly. Disadvantages could include issues of easy deletion, security, and theft.]
HS-PS4-3. Evaluate the claims, evidence, and reasoning behind the idea that electromagnetic
radiation can be described either by a wave model or a particle model, and that for some
situations one model is more useful than the other. [Clarification Statement: Emphasis is on how
the experimental evidence supports the claim and how a theory is generally modified in light of
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PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 5:
WAVES AND ELECTROMAGNETIC RADIATION
new evidence. Examples of a phenomenon could include resonance, interference, diffraction, and
photoelectric effect.] [Assessment Boundary: Assessment does not include using quantum theory.]

HS-PS4-4. Evaluate the validity and reliability of claims in published materials of the effects that
different frequencies of electromagnetic radiation have when absorbed by matter. [Clarification
Statement: Emphasis is on the idea that photons associated with different frequencies of light
have different energies, and the damage to living tissue from electromagnetic radiation depends
on the energy of the radiation. Examples of published materials could include trade books,
magazines, web resources, videos, and other passages that may reflect bias.] [Assessment
Boundary: Assessment is limited to qualitative descriptions.]
HS-PS4-5. Communicate technical information about how some technological devices use
the principles of wave behavior and wave interactions with matter to transmit and capture
information and energy [Clarification Statement: Examples could include solar cells capturing
light and converting it to electricity; medical imaging; and communications technology.]
[Assessment Boundary: Assessments are limited to qualitative information. Assessments do not
include band theory.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

ESS2.A: Earth Materials and
Systems

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and
Using Models

ESS2.B: Plate Tectonics and
Large-Scale System Interactions

[CCC-4] Systems and
System Models

[SEP-5] Using Mathematics
and Computational Thinking

PS3.D: Energy in Chemical
Reactions

[CCC-7] Stability and
Change

[SEP-7] Engaging in
Argument from Evidence

PS4.A: Wave Properties

[SEP-8] Obtaining,
Evaluating, and
Communicating Information

PS4.C: Information Technologies
and Instrumentation

PS4.B: Electromagnetic Radiation

CA CCSS Math Connections: A-SSE.1a–b, 3a–c; A-CDE.4; N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.9–10.8; RST.11–12.1, 7, 8;
WHST.9–12.2.a–e, 8
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Ask students if they have ever experienced a thunderstorm approaching. Students may be
familiar with the idea that when they see a lightning bolt, they can figure out how far away
it was by counting the time until they hear a clap of thunder. How does this work? Both the
light from lightning and sound from thunder are dramatic forms of energy that travel away
from the storm cloud. In this instructional segment, students will explain [SEP-6] how
energy moves as waves through materials and the factors that affect the speed of those
waves.
Students started developing models of wave amplitude and wavelength in grade four
(4-PS4-1A) and extended those models to include simple mathematical representations
of waves in the middle grades (MS-PS4-1). Now, students extend this model further to
include mathematical representations [SEP-5] of waves, including relationships involving
their speed and frequency.
At the high school level, students can describe a wave as a disturbance or oscillation
that transmits energy without transmitting matter. Mechanical waves travel through a
medium, temporarily deforming the material. Restoring forces caused by elastic properties
in the medium then reverse this deformation. For example, sound waves in the atmosphere
propagate when molecules in the air hit neighboring particles and then recoil to their
original condition. These collisions prevent particles from traveling in the direction of the
wave, ensuring that energy is transmitted without the movement of matter. The second type
of wave, electromagnetic, does not require a medium for transmission.
The medium that waves travel through has a huge impact on the speed at which the
energy [CCC-5] travels. Even though electromagnetic waves can travel through space

without a medium, their speed is also affected when they are travelling through a medium.
Electromagnetic waves are temporarily absorbed and re-emitted by atoms when they flow
through a medium, a process that slows the wave down depending on the composition and
density of the atoms in the medium. Light travels through a diamond at less than half the
speed that it travels through empty space. For mechanical waves, the speed dependence is
more intuitive because the strength of the restoring force that allows waves to propagate
through a medium depends on the stiffness of the material and its density. Stiffer materials
will pop back into place faster and therefore move energy more quickly.
Students extend the mathematical [SEP-5] representation of waves they made in
the middle grades (MS-PS4-1) to include the velocity of waves. Students must understand
frequency, wavelength, and speed of waves, and understand the relationship between them
(HS-PS4-1). For example, students should be able to evaluate the claim that doubling the
frequency of a wave is accomplished by halving its wavelength. To evaluate such claims,
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students should be able to construct basic mathematical models of waves such as v =
(where v = wave velocity, f = frequency, and =wavelength), given that f = 1/T (where T
= the period of the wave). Students should be able to solve for frequency, wavelength, or
velocity given any of the other two variables. It is important that students realize that the
equation for periodic waves is applicable to both mechanical and electromagnetic waves in a
variety of media.
Seismologists can measure the amount of time it takes seismic waves to travel different
distances to map out the properties of materials in Earth’s interior. In an earthquake,
seismic waves spread out in all directions (see snapshot 7.12 on geometric spreading in IS2)
and can be recorded all over the globe. As the waves travel through denser material, they
speed up and arrive sooner. These arrival time variations can be combined for thousands of
earthquakes recorded at hundreds of stations around the globe to map out the materials in
Earth’s interior. These seismic tomography maps provide evidence for plate tectonics as they
reveal dense plates sinking down into the mantle. At the end of IS4, students interpreted
data [SEP-4] from radiometric dating to discover that there is no seafloor older than 280

million years and then asked questions [SEP-1] about where it could have gone. With
seismic tomography, they can gather evidence [SEP-7] that answers this question—it is
sinking into Earth’s interior (figure 7.55).
Figure 7.55. Seismic Tomography Reveals Evidence of Plate Tectonics
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Seismic waves move more quickly or more slowly as they move through different materials.
Seismologists use this fact to map out the structure of Earth’s interior. This image reveals evidence of
plate tectonics and California’s geologic history. The remnants of a large plate sinking beneath North
America is believed to be the Farallon Plate that used to subduct off the coast of California (a process
that created the massive granitic rocks of the Sierra Nevada). Source: van der Lee and Grand n.d.
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Seismic waves can also reveal information about the state of matter because they
behave differently in liquids than they do in solids. Liquids flow because there is very little
resistance when molecules try to slide past one another. When seismic waves involve
oscillations with a sliding motion (such as transverse or shear waves called S-waves, whose
oscillations are perpendicular to their direction of travel), liquids do not have a force that
restores the particles back to their original position and so S-waves cannot move through
liquids. However, liquids do have strong resistance to compression; therefore waves
that move by compression and rarefaction continue to travel through liquids. When an
earthquake occurs on one side of the planet, the shaking should be recorded everywhere on
the planet as the waves travel through the Earth. Stations on the exact opposite side of the
Earth from an earthquake, however, do not record S-waves. This S-wave shadow is evidence
that there must be a small liquid layer within Earth’s core that blocks the flow of S-waves.
This liquid layer of the outer core is essential for creating Earth’s magnetic field (see IS3).
A pioneering female seismologist named Inge Lehmann used much more complicated
evidence from seismic waves to infer the existence of yet another layer, the Earth’s inner
core in 1936. While it sounds like a long time ago, Galileo discovered the first distant moons
of Jupiter back in 1610, more than 300 years before anyone had the first clues about what
lies in the very center of our own planet. Earth science is a young science in many ways.

PHYSICS IN THE UNIVERSE VIGNETTE 7.3:
SEISMIC WAVES
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS4-1. Use mathematical representations to support a claim regarding relationships
among the frequency, wavelength, and speed of waves traveling in various media. [Clarification
Statement: Examples of data could include electromagnetic radiation traveling in a vacuum and
glass, sound waves traveling through air and water, and seismic waves traveling through the
Earth.] [Assessment Boundary: Assessment is limited to algebraic relationships and describing
those relationships qualitatively.]
HS-PS4-2. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity. [Clarification
Statement: Examples of advantages could include that digital information is stable because it
can be stored reliably in computer memory, transferred easily, and copied and shared rapidly.
Disadvantages could include issues of easy deletion, security, and theft.]
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HS-PS4-5 Communicate technical information about how some technological devices use
the principles of wave behavior and wave interactions with matter to transmit and capture
information and energy.* [Clarification Statement: Examples could include solar cells capturing
light and converting it to electricity; medical imaging; and communications technology.]
[Assessment Boundary: Assessments are limited to qualitative information. Assessments do not
include band theory.]
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at
different spatial and temporal scales to form continental and ocean-floor features.[Clarification
Statement: Emphasis is on how the appearance of land features (such as mountains, valleys,
and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result
of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive
mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:
Assessment does not include memorization of the details of the formation of specific geographic
features of Earth’s surface.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS3.D: Energy in Chemical
Processes

[SEP-2] Developing and Using
Models

PS4.A: Wave Properties

[CCC-2] Cause and
Effect: Mechanism and
Explanation

PS4.B: Electromagnetic
Radiation

[CCC-7] Stability and
Change

[SEP-5] Using Mathematics
and Computational Thinking
[SEP-8] Obtaining, Evaluating,
and Communicating
Information

PS4.C: Information
Technologies and
Instrumentation
ESS2.A: Earth Materials and
Systems
ESS2.B: Plate Tectonics

CA CCSS Math Connections: F-BF.1; N-Q.1–3; G-CO.1, 12; G-C.5; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.4; RST.9–10.8; RST.11–12.1, 7, 8
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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PHYSICS IN THE UNIVERSE VIGNETTE 7.3:
SEISMIC WAVES

Introduction
Seismologists are scientists that study the Earth using a detailed, quantitative
understanding of wave propagation; they are the embodiment of integrating physical science
and Earth science disciplines. This vignette illustrates a lesson sequence that was used to begin
an instructional segment on waves in the physical universe course. Students learned Earth and
space science and physical science and PS DCIs in tandem, with an understanding of each
enhancing the understanding of the other.
Day 1: Observing Earthquakes
Students observe recordings of seismic waves and relate them to what earthquakes feel like.
Days 2–3: Earthquake Early-Warning Systems: Longitudinal and Shear Waves
in the Earth
Students model earthquake waves in a flexible helical spring and with their bodies to show
how they could design an earthquake early-warning system.
Day 4: Digital Versus Analog Seismic Information
Students try to encode seismic information using analog and digital methods, finding that
the digital method works better.
Day 5: Damage to Structures: Frequency, Wavelength, and Resonance
Students make a model of a city and see how different height buildings respond to
different frequency shaking.
Days 6–7: Probing Earth’s Interior: Wave Velocity
Students measure the velocity of waves on a spring. They discover the relationship
between wave speed and material properties.
Day 8: Probing Earth’s Interior II: Seismic Tomography
Students use measurements of seismic wave velocities to make maps of materials within
Earth’s interior.

Day 1: Observing Earthquakes
Anchoring phenomenon: A person feels two pulses of shaking in an earthquake with
the second one bigger than the first.

The first day of the lesson, Mr. J wanted to get students to realize that earthquake shaking
is energy moving in waves, and that wave energy takes time to travel through the Earth just
like waves take time to travel towards the beach at the ocean. He wanted students to discover
these ideas for themselves and had designed a data-rich, inquiry-based lesson. He recognized
this lesson would take much more time than just providing them the answer, but he knew
they would have more aha moments if they figured it out themselves. Mr. J asked students if
anyone had ever felt an earthquake. A few students raised their hands and he asked them
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Even with animations, slinkies, or kinesthetic activities (e.g., human conga
line), is this really the best way to introduce earthquake science?

PHYSICS IN THE UNIVERSE VIGNETTE 7.3:
SEISMIC WAVES

http://web.ics.purdue.edu/%7Ebraile/edumod/waves/WaveDemo.htm
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Example below: 2002 Nisqually Earthquake, Microsoft Headquarters (near Seattle, WA)

Source: d’Alessio and Horey 2013
Investigative phenomenon: In recordings of the same earthquake at different
locations around a city, all locations record two pulses of shaking but at different times.

Mr. J wondered if this were always true, and told students that sensitive seismic recording
devices measured shaking at different locations all around their city. He passed out papers
with measurements of a single earthquake from different locations (figure 7.57).
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Mr. J made sure that students understood the axes and what the graph represented
(how fast the earth was moving and in which direction over the course of an entire minute).
Each student received the recording from a different location, but all students recognized
that each location felt two pulses of shaking. Sally asked [SEP-1] if maybe there were two
earthquakes, one big and one small but just a few seconds apart. Mr. J agreed that this was
a good idea to consider and asked her how many seconds apart the two pulses were on her
recording ( scale, proportion, and quantity [CCC-3] ). “The second one happened about 10
seconds after the first,” she said. Mr. J asked if other students also had the second pulse 10
seconds after the first and they found that every student seemed to have a different time
between pulses even though they were all recording the same earthquake on the same day.
Why? Students compared seismograms and noticed that the amplitude of the shaking was
different. Evan asked [SEP-1] Mr. J if stations with stronger amplitude shaking were closer
to the earthquake source, and Mr. J confirmed that this is, in general, true. He asked the
students to see if there was any systematic relationship between the time difference between
the pulses and how far the sensor was away from the earthquake source. Students used
their phones to enter the amplitude and arrival time of the two pulses from their assigned
location into a collaborative spreadsheet that Mr. J had already set up. It instantly graphed the
relationship and students could see that the farther away a station was from the earthquake
source, the further apart the two pulses were.
Investigative phenomenon: The farther an earthquake is away from the
earthquake’s source, the more time elapses between the first and second pulse of
shaking.

Mr. J then had two student volunteers act out the famous fable of a race between
the tortoise and the hare as he narrated. Seismic waves, however, never take a nap
like the hare in that story. For homework, Mr. J assigned students to create a visual
infographic communicating [SEP-8] an explanation [SEP-6] why the two pulses of energy
arrived at different times at different locations (figure 7.58). Their examples showed that the
two waves traveled at different speeds.
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Figure 7.58: The Tortoise and the Hare Analogy for Two Waves Traveling
at Different Speeds
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Days 2–3: Earthquake Early-Warning Systems: Longitudinal and Shear Waves
in the Earth
In an earthquake, people can certainly feel seismic waves moving back and forth and at
the ocean they can see the surf moving towards the beach. Do these two observations relate
to the same type of phenomenon? Mr. J gave a short interactive lecture about mechanical
waves, adding to the definition of waves the class had started on the first day. Waves are
caused when a disturbance pushes or pulls a material in one direction, and a restoring force
pops the material back to its original position. It is hard to make waves in clay because it
does not pop back to its original position, but a material like rubber pops back instantly.
Because every action has an equal and opposite reaction, the restoring force results in a new
disturbance in the adjacent material. Energy gets transferred throughout the material by a
cascade of actions and reactions. Waves travel well across a swimming pool or a pond because
water always wants to flow back to its original flat shape (driven by gravity). The idea that the
material a wave travels through affects its ability to travel is crucial to understanding seismic
waves, and Mr. J foreshadowed that they would discuss the topic a lot more in a few days.
Mr. J demonstrated waves using a physical model [SEP-2] , a toy spring stretched out
across the room. He asked students why he had chosen a spring for the demo instead of a
piece of rope and students quickly identified that the spring would easily want to pop back
into position. He showed how disturbing the spring by pulling it in different directions causes
waves to travel down the spring differently, illustrating the difference between longitudinal and
shear waves (see IRIS, Seismic Slinky at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link57). The
waves went by very quickly on the spring, so Mr. J had students stand up and use their bodies
as a physical model [SEP-2] that represent the links of a slinky to act out the particle motion
of the different types of waves (see IRIS, Human Wave Demonstration at http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link58).
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Mr. J wanted to relate these two types of waves to the seismic recordings from day 1. He
distributed the recordings again and asked students to look more carefully at the two pulses.
How were they similar and how were they different? Students offered observations from their
own seismograms, including Jorge’s comment that the second pulse was stronger than the
first. Like the previous day, Mr. J wanted to see if there were consistent patterns [CCC-1]
across all the seismograms. He had them measure the amplitude of the two pulses and submit
their results to an online form using their smartphones. The class instantly analyzed [SEP-4]
the results from a graph projected on the screen and determined that almost all the locations
experienced stronger shaking during the second pulse. Why would that be?
Investigative phenomenon: Earthquakes release energy as two types of waves that
leave the source at the same time, and the second pulse is usually stronger.

Now that Mr. J had made the students curious, he gave a mini-lecture: Much like a storm
cloud simultaneously produces lightning and thunder, earthquake waves release energy as two
types of waves. As the blocks of crust slide past one another, the Earth is disturbed in different
directions. Textbooks and scientists refer to these motions as P-waves and S-waves, and they
carry different amounts of energy moving at different speeds. P-waves are longitudinal waves
caused by the sudden pushing or pulling of one section of rock against another. Because rocks
are very rigid, energy from pushes and pulls like P-waves is quickly transmitted from one
section of rock to the next. Although P-waves arrive quickly, earthquakes release relatively
little energy as pushes or pulls, P-waves do not do much damage even in large earthquakes.
Earthquakes mostly involve the sliding of two blocks of crust past one another, so they release
most of their energy in the side-to-side motion of shear waves, or S-waves. That means that
S-waves carry the powerful punch that causes great earthquake damage. That punch arrives
seconds after the P-wave because rock is weaker in shear than for pushing/pulling, meaning
that S-wave energy is not transmitted as rapidly through the material. This might be similar to
your experience watching a distant lightning storm—you see lightning several seconds before
booming thunder reaches you and rattles your windows.
Students would explore wave speed more in a few days, but at this point Mr. J told them
that they needed to remember two basic facts: P-waves travel more quickly than S-waves
and S-waves carry more energy when they finally do arrive. The fact that every earthquake
comes with its own gentle warning (a P-wave) has allowed scientists and engineers to develop
systems to provide cities with advance warning of strong shaking. Mr. J showed students a
short video clip about earthquake early-warning systems. The video described how automated
sensors near the source of an earthquake can send warning to distant locations. Even though
seismic waves travel faster than the fastest fighter jets (upwards of 6 km/s, or 13,000 mph),
digital signals travel through wires and airwaves near the speed of light and can therefore
provide seconds to minutes of warning prior to the arrival of strong shaking. Mr. J took the
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class outside to the sports field and has them use their bodies as a physical model [SEP-2]
of slow P-waves and fast S-waves in a kinesthetic activity that illustrated early warning
(d’Alessio and Horey 2013). Japan, Mexico, and a few other locations have early-warning
systems in place that send signals to schools, businesses, and millions of individual people
via mobile phone and other media. California is developing its own early-warning system. For
homework, Mr. J assigned students to watch a few short videos of early warning in action
during earthquakes in Japan and Mexico and assigned students to write a reflection essay
about what they would do with a few seconds of warning before an earthquake arrived.
Day 4: Digital Versus Analog Seismic Information
Investigative phenomenon: How can we reliably transmit shaking information from
a seismic recording station to a central data processing facility?

Earthquake early warning works because information from seismic recording stations
in many different locations can send their measurements to a central data processing
facility instantly. To avoid costly false alarms or failing to issue a warning about a damaging
earthquake, the information must be transmitted reliably. Mr. J told students that they would
develop a technique for transmitting the shaking history shown by their seismogram to
students on the other side of the room using a small desk lamp with a dimmer attached to
it. In middle grades, students obtained information about the difference between analog and
digital information transmission (MS-PS4-3). In this lesson students compared the two (HSPS4-2). Half of the teams transmitted the information using analog techniques (adjusting
the intensity of the light using the dimmer switch in order to represent the amplitude of
shaking), and half came up with a digital encoding system (such as using Morse code or
binary encoding to indicate amplitude values at fixed time intervals or listing frequency,
amplitude, and duration values as an individual blinks to be counted). Teams summarized their
encoding protocol before beginning transmission so that everyone knew how to interpret the
signals from the light. Without seeing the original seismogram, the team on the other side
of the room had to draw what they thought the seismogram looked like based on the signal
transmitted to them and the agreed-upon protocol. Students receiving the analog signal had
trouble representing the shape of the signal as the solutions drawn by different students
varied dramatically. Mr. J then asked what would have happened if he had given students a
seismogram with an amplitude just one tenth as strong as the one that they had. With the
analog signal, the light would have gotten very dim and it would have been hard for students
or even a computer light sensor to detect the slight variations in the light that represent the
weaker shaking. The digital signal, however, just reported smaller amplitude numbers. Digital
seismic recording devices can transmit information about weak signals and strong signals
whereas analog seismic recordings are only useful within a certain amplitude range. Since
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earthquakes with magnitude 5 and 8 could both cause damage yet have amplitudes that differ
by a factor of 1000, digital encoding is the best strategy for transmitting seismic waves. And
since the information is already encoded digitally, it is easy for a computer to process it and
issue an earthquake early warning if it looks like the earthquake is large enough.
Day 5: Damage to Structures: Frequency, Wavelength, and Resonance
Investigative phenomenon: Different height buildings vibrate and deform differently
even when they experience the same earthquake shaking.

Mr. J started the class off by showing a video of a life-size apartment building being
tested on a gigantic shake table (World’s largest earthquake test, http://www.cde.ca.gov/
ci/sc/cf/ch7.asp#link59). Is a seven-story apartment building safer or less safe than a onestory house? How about a 100-story skyscraper? Mr. J. told students that they were going to
simulate buildings using a much simpler physical model [SEP-2] . They would model a city
using different length rectangles of heavy paper to represent different height buildings (see
IRIS, “Demonstrating building resonance using the simplified BOSS model” at http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link60). They attached the rectangles to a ruler that represented the
ground and attached a paperclip to the top of each building to represent air conditioners and
other heavy objects on the buildings’ roofs (figure 7.59).
Figure 7.59. Physical Model of Different Height Buildings in a City

Source: IRIS 2014
Mr. J then asked students which building they would rather live in during an earthquake.
Different students had different ideas, so he invited everyone to shake their city. Sammy was
very aggressive and shook her city back and forth very quickly and was amazed to see that
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the shortest building started moving more than the others. Roland shook more slowly and saw
the opposite effect with the tallest building moving more than the others. This allowed Mr. J
to add to the class definition of waves, adding that waves can be described by the frequency
at which they move back and forth. Mr. J asked the students to describe their shaking using
the words frequency and amplitude instead of just saying quickly or slowly. He asked students
to do a more controlled experiment in which they shook with a constant amplitude (distance
their hand moved back and forth), but changed the frequency of shaking (how quickly their
hands moved from one extreme to the other) from a low frequency to a high frequency and
watched what happened to the buildings. He then asked them a series of questions:
Mr. J’s Question

Answers by his students

What did you observe during
the demo?

All the buildings shook, but different buildings at
different frequencies.

How did this compare to your
prediction?

Different—I predicted that building X would shake
the most, while the physical model showed that
all buildings responded at one point or another.

Was there a pattern [CCC-1] in
the shaking of the buildings?

Yes, first the tallest progressing to the smallest.

What controlled which buildings
shook?

Students resorted to using terms like how fast,
how quickly, or how much they moved their
hand during the demo. Mr. J guided students to
understand that the amplitude of the shaking was
constant with only the frequency changing.

Therefore, if the frequency
of shaking is important can
anyone propose a relationship
between frequency of shaking
and building height?

Tall buildings shake the most at low frequencies
while shorter buildings respond at high
frequencies.

Let’s revisit our original question.
Are any of these buildings more
or less likely to be damaged or
collapse during an earthquake?

It depends on the frequency of the seismic waves.
All of them could be at risk, depending on the
frequency.

Mr. J returned again to the class definition of waves, adding that they have a characteristic
wavelength. For waves in the ocean, the wavelength is easy to visualize as the distance
between two wave troughs. The buildings in the physical model [SEP-2] shook the most
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when their height matched the wavelength of the waves, a phenomenon called resonance. Mr.
J provided a short lecture with demos using a string to visualize resonance in standing waves.
He then presented a mathematical [SEP-5] basis for the behavior of the physical model, the
equation speed = frequency x wavelength. The students performed some simple calculations
to ensure that they could plug numbers in and handle the units of this equation (HS-PS4-1).
Mr. J had heard stories of people looking out over a valley during a large earthquake and
literally seeing the earth ripple as waves passed through. He wanted to know if this was
reasonable. What would seismic waves look like? At the beach, ocean waves might have
crests that are 30 feet (ft) apart (wavelength = 30 ft). What about seismic waves? Students
return to their adopted seismic recording and look more carefully at the shaking. Mr. J asked
students to calculate the frequency of the seismic waves during the earliest shaking. They
might have found frequencies in the range of 1-10 Hz. Scientists can calculate the velocity
of seismic waves from experiments as simple as pounding a sledge hammer against the
ground and measuring how long it takes the vibrations to reach a sensor a fixed distance
away. The fastest waves travel in Earth’s crust is about 6,000 m/s (about 13,000 miles per
hour). Knowing these two values, students calculated the wavelength. Looking across a valley
a bit more than a mile across, you might be able to see two crests of a wave with 600 m
wavelength, so it is possible to see but the waves would be much broader than most ocean
waves at the beach.
Investigative phenomenon: Students measure the velocity and wavelength of waves
from computer visualizations of seismic waves.

Mr. J next showed video clips with the results of computer simulations of famous California
earthquakes (see USGS, Computer Simulations of Earthquakes for Teachers at http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link61). Making detailed measurements from the computer
screen, students calculated two estimates of the wave velocities: one from the distance
the wave fronts traveled divided by time, and one plugging frequency and wavelength
observations into the equation above. Students verified that they got the same result from
each equation. They then compared these computer models to a video that visualized ripples
as they were recorded by a very sophisticated network of seismic sensors during a much
smaller earthquake (see American Geophysical Union, Watch the ground ripple in Long Beach,
http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link62). Students discovered that the velocity was
quite similar in the two cases, but that the frequency and wavelength differed for different
size earthquakes. This motivated the next activity relating seismic wave velocities to the
properties of the materials.
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Days 6–7: Probing Earth’s Interior I: Wave Velocity
Everyday phenomenon: It hurts more to fall on solid rock than it does to fall on
sand.

Mr. J started class with a rock and a bucket of sand on the table and asked students
whether they thought seismic waves could travel through either of them. Most students
answered no because they did not think that either one would pop back into place like a spring.
He asked them if the two different materials responded to force differently, or would it hurt the
same amount if you fell on the solid rock versus the soft sand? Mr. J told them that by the end
of the day, he hoped they would understand some of the differences between the materials.
Investigative phenomenon: The speed of waves moving on a toy spring depends on
how tightly the spring is pulled.

Mr. J returned to the physical model [SEP-2] of the toy spring and illustrated with a few
more example earthquakes. He showed gentle disturbances and big disturbances (changing
amplitude) and changed the amount of stretch in the spring by pulling it more or less before he
caused the next earthquake. Students could not visually see any consistent patterns [CCC-1]
because the spring moved so quickly, but a student recorded a video of the demonstration.
Groups downloaded the video and opened it in free video analysis software (see D. Brown,
Tracker video analysis and modeling tool from 2015 at http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link63) so that they could watch it in slow motion and measure and compare the speed
of the waves in several sample earthquakes. When students analyzed the data [SEP-4] ,
they found that the speed the waves traveled was proportional [CCC-3] to the length of the
spring as it was stretched out more or less. Students were surprised to see that the amplitude
of the disturbance didn’t make much difference to the wave speed. Mr. J ended class by
having students write an explanation [SEP-6] describing the factors affecting wave speeds,
giving them a sentence starter “The speed waves travel along a spring depends on ______.”
In class the next day, Mr. J returned to the bucket of sand and the rock on the table. He
asked students to work in pairs to draw a diagram that showed how the investigation of the
loose versus stretched spring might be a good model [SEP-2] for the way seismic waves
might travel differently through the two materials. Olivia and Martin made the connection to
restoring forces: “The restoring force is very strong in a stretched spring. Solid rock is really
hard, so maybe it is like a really tight spring.” Mr. J validated their idea, explaining that it may
be difficult to imagine that solid rock can act like a spring that compresses and stretches, but
if you pull it hard enough it actually will do just that. Earthquakes represent massive forces
from huge blocks of the Earth’s crust applying forces of an unimaginable scale [CCC-3] , and
their sudden movements are strong enough to bend the rock like fingers temporarily bend the
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spring. In his honors class, Mr. J had students calculate wave speeds using equations that
included the density and elastic modulus of the materials.
Investigative phenomenon: Waves change speed and wavelength when they move
through materials with different properties.

Mr. J had students open up a free computer simulation to investigate [SEP-3] waves
moving through a medium (see Falstad Ripple Tank at http://www.cde.ca.gov/ci/sc/cf/ch7.
asp#link64). The simulator models [SEP-2] the behaviors of all types of waves. While the
class was thinking of them as seismic waves, they could be water, sound, or light waves.
Working in groups, students had a full 10 minutes to explore the program by selecting some
of the preset scenarios in the program and adjusting settings. Each team presented the
coolest picture they made and communicated [SEP-8] their understanding of what it showed
about wave behavior. Mr. J walked around interacting with each group, encouraging them
to ask questions [SEP-1] about what would happen and then try things out. After each
group shared, Mr. J drew attention to Esmerelda and Dima’s scenario, which showed what
happened when waves traveled through materials with different velocities (figure 7.60). “This
picture could be a slice through the Earth with different earth materials like sand on top of
rock,” said Mr. J. The waves leaving the source near the top left had to travel through both
materials to reach the bottom right. He pointed out how the wavelength of the source was
different as the waves traveled through the two materials, and asked students to estimate
which material had a faster wave velocity (HS-PS4-1).
Figure 7.60. Computer Model of Waves Traveling through Materials with
Different Velocities

Waves travel more
slowly in this material.
source

Waves travel more
quickly in this material.

Students adjust
settings here
velocity = frequency
x wavelength

Waves arriving here travel
through both materials.
The time it takes waves
to get here therefore
depends on the wave
velocities in both materials.

Diagram by M. d’Alessio
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Mr. J wanted students to use their mathematical thinking [SEP-5] to learn even more
about rocks. Mr. J performed an example calculation of how long P-waves take to travel 10
km in solid rock (just 1.7 seconds at 6,000 m/s) versus dry sand (20 seconds at 500 m/s).
These differences are amazing because they allow us to determine the type of rock beneath
our feet without even lifting a shovel to dig. Mr. J then presented students with measurements
from a few different earthquakes recorded at different locations. The data table showed the
time it took waves to arrive at each location and the distance between that location and the
earthquake source. He also provided students a table of typical wave speeds of common rock
and soil materials. Mr. J asked students to analyze and interpret [SEP-4] these data by
(1) calculating the average speed of the waves, and (2) identifying the dominant rock type
around the earthquake source in each situation (supports HS-PS4-1). Scientists use this exact
approach to determine the types of material present at different depths in the Earth in a way
that is very similar to some medical imaging technology like X-rays and MRIs. For homework,
Mr. J assigned students a video clip that showed how to use seismic waves to locate pockets
of oil and gas, map out faults before earthquakes happen, and estimate the storage capacity
of a natural groundwater aquifer. Students chose one of these earth science applications and
created a one-page infographic communicating [SEP-8] the way that technology enables
scientists to learn information about Earth materials through which waves travel (HS-PS4-5).
They illustrated the path seismic waves would take through this system and the different wave
speeds in the different materials.
Day 8: Probing Earth’s Interior II: Seismic Tomography
Investigative phenomenon: Waves from an earthquake on one side of the Earth
travel all the way through the planet to the other side.

Mr. J told students that they were now ready to use seismic waves to probe deep inside the
Earth to strengthen their model [SEP-2] of Earth’s interior from IS4 (HS-ESS2-1). One-half of
the class played the role of theoretical seismologists and calculated the amount of time it would
take waves to travel through the planet, assuming that the waves traveled at a constant speed
(CA CCSSM N-Q.1, F-BF.1). The other half of the class acted as observational seismologists and
analyzed data from actual earthquakes to determine the actual travel times of P-waves and
S-waves. When the two groups compared their results, there was a point where the data and
observations begin to be noticeably different, and students were able to determine the depth
corresponding to this discontinuity using simple geometry (CA CCSSMG-CO.1, G-CO.12, G-C.5).
They had now used seismic waves to discover the boundary between Earth’s mantle and its
outer core. The different seismic wave speeds they observed reflect different densities that
promote convection in Earth’s mantle (causing plate tectonics) and outer core (causing Earth’s
magnetic field that protects the surface from damaging radiation in the solar wind ultimately
allowing life to flourish) (HS-ESS2-1). (Adapted from DLESE Teaching Boxes n.d.)
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Vignette Debrief
Using earthquakes to motivate the study of waves allowed students to see how the
abstract quantities of wave velocity, wavelength, and amplitude have real-world applications.
SEPs. The practice of developing and using models [SEP-2] was a key focus throughout
the vignette. Some of the models were physical (the toy spring on days 2–3 and 6–8, and
the two kinesthetic activities during days 2–3), some were mathematical (the movement of
waves through materials at different speeds on days 6, 7, and 8 and the relationship between
frequency, wavelength, and velocity on day 5), some were pictorial (like the model of Earth’s
interior developed on day 8), and some were mental models based on analogy (like the tortoise
and hare fable from day 1 and the lightning and thunder analogy on days 2–3). Students also
engaged in mathematical thinking [SEP-5] throughout the activity to answer fundamental
questions such as which frequency seismic waves would damage buildings the most on day 5
and which earth materials had waves traveled through on days 6–7 and 8. Mr. J intentionally
allowed the students unstructured exploration of the ripple tank simulator on days 6–7 to allow
them to engage in asking questions [SEP-1] . It would have been quicker to direct students to
a specific scenario within the simulator, but allowing them free reign to investigate [SEP-3]
questions that interested them gave them a crucial baseline understanding of what the
simulator actually represents. It could have also been the jumping off point for more detailed
investigations into other aspects of wave behavior. The simulator allowed for qualitative
investigations, but the students also did more detailed investigations into the velocity of waves
on the spring using frame-by-frame video analysis during days 6–7. In several instances they
briefly collected data from seismograms so that it could be analyzed [SEP-4] , usually using
their smartphones or other technology to submit their data so that the whole class could
see patterns [CCC-1] instantly. The performance expectations pertaining to waves do not
emphasize scientific argument or explanation, but communicating [SEP-8] understanding is
accomplished specifically using the concept of infographics on day 1 and again on days 6–7.
DCIs. The vignette used an Earth science phenomenon (earthquakes) to motivate
detailed understanding of a physical science concept (waves). The relationship is not one
way—the physical understanding enhances understanding of the Earth science phenomena,
especially on days 2–3 when an understanding of the nature of longitudinal and shear waves
allowed students to explain the strength and timing of the two pulses of shaking and on
the last day when understanding wave velocities allowed students to probe the interior of
the Earth (PS4.A). Seismic recording devices were a key technology discussed throughout
the instructional segment, and there was explicit attention paid to how these systems were
engineered during the discussion of new earthquake early-warning systems (mitigating natural
hazards ESS3.B) on days 2–3 and the digital transmission of seismic data on day 4 (PS4.C).
The concept of earthquake engineering was briefly introduced on day 5, but would ideally be
extended to include a full engineering design activity involving a shake table that integrated
concepts of forces and motion (PS2.A) with wave resonance. Both earthquake early warning
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and earthquake engineering are key concepts in which science and engineering can benefit
society by saving lives (ETS2.B). Technology tools such as frame-by-frame video analysis and
computer simulations allowed students to visualize the physical systems in ways that would
not be possible without technology (ETS2.A).
CCCs. Waves themselves are examples of repeating patterns [CCC-1] of motion. At
several times during the vignette, students made observations and were then asked to quantify
them (the time between arrival of different pulses on day 1, the amplitude of those pulses
on days 2–3, and the velocity of waves during days 6–8). Not only did this help establish
the quantity [CCC-3] , but patterns [CCC-1] in these measurements revealed proportional
[CCC-3] relationships in two cases: the time between earthquake waves was directly
proportional to their distance from the earthquake source (day 1) and the speed of waves
was directly proportional to the tension from stretching in the spring (days 6–8).
EP&Cs. This lesson did not explore environmental principles. Earthquakes and plate
tectonics are part of a natural cycle that can impact ecosystems, but this lesson sequence
focuses only on the impacts on humans.
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
vignette, students participated in small group and whole class discussions (SL.11–12.1a–d).
The students also produced several types of writing including a short reflective essay as well
as the creation of infographics (WHST.9–10.1a–e, 6, 7, 9). In the vignette, half of the class
calculated the amount of time it would take waves to travel through the planet, assuming
that the waves traveled at a constant speed (N-Q.1, F-BF.1). The other half of the class acted
as observational seismologists and analyzed data from actual earthquakes to determine their
actual travel time. When the two groups compared their results, there was a point where the
data and observations began to be noticeably different, and students were able to determine
the depth corresponding to this discontinuity using simple geometry (CA CCSSM G-CO.1,
G-CO.12, G-C.5).
Resources
California State University Northridge. n.d. Earthquake Early Warning Simulator. http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link65.
Rapid Earthquake Viewer. n.d. http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link66.

The Nature of Light
Students can also relate the mathematical representations of amplitude and frequency
to electromagnetic waves by comparing light bulbs with different wattage and color
temperature (e.g., packages labeled soft white versus daylight). Knowing that the
wavelength of light changes [CCC-7] its color, students are ready to learn more about the
range of different frequencies of radiation in the electromagnetic spectrum. Electromagnetic
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radiation is an energy [CCC-5] form composed of oscillating electric and magnetic fields
that propagates at the speed of light. There is a spectrum of electromagnetic radiation
from the lowest frequency radio waves to microwaves, infrared radiation, visible light,
ultraviolet radiation, X-rays, and up to the highest frequency gamma rays (figure 7.61).
Different frequency electromagnetic waves have different uses. Gamma rays are used to
kill cancer cells in radiation therapy, X-rays are used to create noninvasive medical imagery,
ultra-violet light is used to sterilize equipment, visible light is used for photography, infrared
light is used for night vision, microwaves are used for cooking, and radio waves are used
for communication. Plants capture visible electromagnetic radiation (sunlight) and use the
energy to fix carbon into simple sugars during photosynthesis.
Figure 7.61. The Electromagnetic Spectrum
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As students learn the physics of electromagnetic radiation, they also should learn the variety of
applications that improve our quality of life. Source: Southwestern Universities Research Association
2006
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Even though electromagnetic radiation can clearly be described using waves and its
behavior in most situations can be predicted using this model, over the years scientists have
discovered certain cases where light acts more like a collection of discrete particles than
a wave. Students obtain, evaluate, and communicate information [SEP-8] pertaining
to the wave/particle duality of electromagnetic radiation, which has been one of the
great paradoxes in science (HS-PS4-3). As early as the seventeenth century, Christiaan
Huygens proposed that light travels as a wave, while Isaac Newton proposed that it
traveled as particles. This apparent paradox ultimately led to a complete rethinking of the
nature of matter and energy [CCC-5] . Taken together, the work of Max Planck, Albert
Einstein, Louis de Broglie, Arthur Compton, Niels Bohr, and many others suggests all
particles also have a wave nature, and all waves have a particle nature. Students examine
experimental evidence that supports the claim [SEP-7] that light is a wave phenomenon
and evidence that supports the claim [SEP-7] that light is a particle phenomenon.
After analyzing and interpreting data [SEP-4] from classic experiments on resonance,
interference, diffraction and the photoelectric effect, students should be able to construct
an argument [SEP-7] defending the wave/particle model of light.

One of the primary pieces of evidence for the particle nature of light is the photoelectric
effect, the observation that many metals emit electrons when light shines on them. If
light acts as a wave, electrons should be emitted for any frequency of light as long as the
amplitude is high enough (i.e., if the wave carries enough energy). Data, however, show
that electrons are only dislodged for light above a certain threshold frequency regardless
of the intensity of the light. This result suggests that light is actually made of discrete
particles (photons). The visual intensity of light depends on the number of particles arriving
in a given time, but an electron only gets dislodged when an individual photon crashes
into the metal with energy greater than the energy that binds the electron to the metal.
Each photon has energy (E) proportional to its frequency (f). Expressed algebraically, we
now accept that E = hf where h is Planck’s constant (a physical constant from quantum
mechanics). Students can make a physical model [SEP-2] of the photoelectric effect with
water representing continuous waves of light energy and different size marbles and ball
bearings representing different frequencies of discrete photons of light energy. Additional
marbles gently taped to a tabletop represent the electrons bound to the metal. Under the
wave model of light, the electron marbles should stay still for a tiny stream of water (lowintensity light), but will roll away if the water gets poured fast enough (high-intensity light).
In the particle model of light, intense light can be represented by lots of particles being
dropped down at once. If those particles are small like ball bearings, no individual particle
2016 California Science Framework
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has enough energy to dislodge the electron marbles. However, a single large marble (a lowintensity light at a high frequency) can dislodge an electron.
In physics, radiation simply means the emission of energy. In IS3, students created
models of radiation related to nuclear processes and asked questions about possible health
impacts of that radiation. In IS4, they examined electromagnetic radiation. Does it have
possible health impacts as well? Students know that they can get sunburned from ultraviolet
(UV) radiation, so it is natural for them to be concerned about the effects of other types of
radiation like radio waves from cell phones or wireless Internet. Performance expectation
HS-PS4-4 requires students to evaluate the validity and reliability of claims in published
materials of the effects that different frequencies of electromagnetic radiation have when
absorbed by matter. To meet this performance expectation, students can obtain and
evaluate information [SEP-8] and arguments put forth in books, magazines, Web sites,

and videos. While the damaging effects of high-energy gamma rays, X-rays, and UV rays are
well documented, the potentially damaging effects of microwave radiation (which includes
the frequencies used by most mobile phones) are much more questionable. Students apply
their model of the particle nature of light from the photoelectric effect to evaluate these
claims. Microwave photons are lower frequency and therefore lower energy than damaging
UV light, so they do not have enough energy to break chemical bonds. Students know that
they can sit beneath regular lights all day long and do not get a sunburn. Analogous to the
photoelectric effect, microwaves, with even lower energy photons, are still absorbed by
the body causing it to heat up. Could this slight heating cause health impacts? Students
can read an article (for example, the UC Museum of Paleontology 2016 article “A Scientific
Approach to Life: A Science Toolkit” at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link67)
about how to identify credible sources of scientific information in the popular media.
Then, each student can search and find one Internet resource about the topic. Students
then conduct a virtual gallery walk during which they copy and paste the resource into a
collaborative Web document, and other students make digital comments on the document,
highlighting and identifying which aspects of the resource make it more or less credible and
where the text refers to scientific concepts from the course. (Students could also print the
resources and post them around the room so that peers can comment on them using sticky
notes for a physical gallery walk).

Waves and Technology
Waves can encode information, and technology makes use of this fact in two general
ways: (1) decoding wave interactions with media and (2) encoding our own signals using
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waves. Students must select one or more of these technologies and communicate [SEP-8]
how wave properties enable the technology to function (HS-PS4-5). They could prepare a
short fact sheet, a report, an interactive Web page, or other communication product that
includes labeled diagrams (pictorial models [SEP-2] ) illustrating key interactions between
waves and matter. They can then orally present their communications product to the class.
In some technology, we simply record waves as they travel through a medium and use
our understanding of how they travel to learn about the medium itself. Medical imaging
(e.g., magnetic resonance imaging [MRIs] and X-rays) is one example, while seismic
recording devices that detect seismic waves are another. Both of these tools have a long
history. In 1895 the German physicist Wilhelm Röntgen discovered a high- energy [CCC-5] ,
invisible form of light known as X-rays. Röntgen noticed that a fluorescent screen in his
laboratory began to glow when a high-voltage fluorescent light was turned on, even though
the fluorescent screen was blocked from the light. Roentgen hypothesized that he was
dealing with a new kind of ray that could pass through some solid objects such as the
screen surrounding his light. Röntgen had an engineering mind, and realized that there
could be practical applications of this newly discovered form of radiation, particularly when
he made an X-ray image of his wife’s hand, showing a silhouette of her bones. Röntgen
immediately communicated his discovery through a paper and a presentation to the local
medical society, and the field of medical imaging was born.
In other technology, engineers have learned how to add waves together to encode
signals on them. Italian scientist Guglielmo Marconi learned how to harness electromagnetic
waves to build the first commercially successful wireless telegraphy system in 1894,
harnessing radio waves to transmit information. Information can be encoded on radio waves
in a variety of manners, including pulsating transmissions to send Morse code, modulating
frequency in FM radio transmission, modulating amplitude in AM radio transmission, and
propagating discrete pulses of voltage in digital data transmission. Students can use
computer simulations or even oscilloscope apps on computers and smartphones to visualize
how each of these techniques affects the shape of waveforms. Wireless transmission has
revolutionized human communication and is at the heart of the Information Revolution,
which is arguably one of the biggest shifts in human civilization on par with the agricultural
and industrial revolutions.
Performance expectation HS-PS4-2 requires students to “evaluate questions about the
advantages of using digital transmission and storage of information.” By analyzing and
interpreting data [SEP-4] about digital information technologies and similarly purposed

analog technologies, students can meet this performance expectation. By comparing and
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contrasting such features as data transmission, response to noise, flexibility, bandwidth
use, power usage, error potential, and applicability, students can assess the relative
merits of digital and analog technologies. This performance expectation requires students
to ponder the influence of those technologies that have shaped our modern world. As
students evaluate digital transmission and storage of information, they begin to understand
the influence of science, engineering, and technology on society and the natural world
[CCC about the nature of science] , learning how scientists and engineers have applied

physical principles to achieve technological goals and how the resulting technologies have
gained prominence in the marketplace and have influenced society and culture.
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Physics in the Universe Instructional Segment 6:
Stars and the Origins of the Universe
According to the NGSS storyline:
High school students can examine the processes governing the formation,
evolution, and workings of the solar system and universe. Some concepts
studied are fundamental to science, such as understanding how the matter
of our world formed during the Big Bang and within the cores of stars. Other
concepts are practical, such as understanding how short-term changes in the
behavior of our [S]un directly affect humans. Engineering and technology play
a large role here in obtaining and analyzing the data that support the theories
of the formation of the solar system and universe. (NGSS Lead States 2013d)

PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 6:
STARS AND THE ORIGINS OF THE UNIVERSE
Guiding Questions
• How do we know what stars are made of?
• What fuels our Sun? Will it ever run out of that fuel?
• Do other stars work the same way as our Sun?
• How do patterns in motion of the stars tell us about the origin of our universe?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS1-1. Develop a model based on evidence to illustrate the life span of the sun and the
role of nuclear fusion in the sun’s core to release energy in the form of radiation. [Clarification
Statement: Emphasis is on the energy transfer mechanisms that allow energy from nuclear
fusion in the sun’s core to reach Earth. Examples of evidence for the model include observations
of the masses and lifetimes of other stars, as well as the ways that the sun’s radiation varies
due to sudden solar flares (“space weather”), the 11-year sunspot cycle, and non-cyclic
variations over centuries.] [Assessment Boundary: Assessment does not include details of the
atomic and sub-atomic processes involved with the sun’s nuclear fusion.]
HS-ESS1-2. Construct an explanation of the Big Bang theory based on astronomical evidence of
light spectra, motion of distant galaxies, and composition of matter in the universe. [Clarification
Statement: Emphasis is on the astronomical evidence of the red shift of light from galaxies as
an indication that the universe is currently expanding, the cosmic microwave background as the
remnant radiation from the Big Bang, and the observed composition of ordinary matter of the
universe, primarily found in stars and interstellar gases (from the spectra of electromagnetic
radiation from stars), which matches that predicted by the Big Bang theory (3/4 hydrogen and
1/4 helium).]
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PHYSICS IN THE UNIVERSE INSTRUCTIONAL SEGMENT 6:
STARS AND THE ORIGINS OF THE UNIVERSE
HS-ESS1-3. Communicate scientific ideas about the way stars, over their life cycle, produce
elements. [Clarification Statement: Emphasis is on the way nucleosynthesis, and therefore the
different elements created, varies as a function of the mass of a star and the stage of its lifetime.]
[Assessment Boundary: Details of the many different nucleosynthesis pathways for stars of
differing masses are not assessed.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

ESS1.A: The Universe and
Its Stars

[CCC-3] Scale, Proportion,
and Quantity

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

PS3.D: Energy in Chemical
Processes and Everyday Life

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

[SEP-8] Obtaining, Evaluating,
and Communicating Information

PS4.B Electromagnetic
Radiation

CA CCSS Math Connections: N-Q.1–3; A-SSE.1a–b; A-CED.2, 4; MP.2; MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.4; RST.11–12.1; WHST.9–12.2.a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students now apply their understanding of electromagnetic radiation to studying the light
from stars. Teachers can start this instructional segment the same way humans have for
millennia by looking up in the sky and wondering what is in the heavens. In a classroom,
students can zoom in and out to explore the maps of the stars and galaxies in space (such
as the Sloan Digital Sky Survey/Sky Server at SDSS DR12 Navigate Tool, http://www.cde.
ca.gov/ci/sc/cf/ch7.asp#link68) to engender interest in what is out there and to get a basic
sense that the universe is a varied place, with dense and less dense regions of stars and
gas distributed throughout it. Students discuss and share their favorite astronomical pictures
and communicate to others about what they see.
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The Colors of Stars
Looking carefully, students notice different stars have slightly different colors—those
differences reveal a huge amount about what stars are and the way they work. When
viewing the rainbow of light from our Sun through a prism, some colors appear brighter
than others (figure 7.62). What causes these variations? Are they the result of errors in
the equipment, something peculiar about our Sun, or a common feature of stars? Like all
good science, this general observation with the naked eye can be refined with detailed
measurement of specific quantities [CCC-3] such as the intensity of light at each
wavelength (a color spectrum). Students can obtain [SEP-8] color spectra from many
different stars using an online tool (such as the Sloan Digital Sky Survey/Sky Server, “What
is Color” at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link69) and interpret [SEP-4] the data
by comparing and noting several important patterns [CCC-1] . These patterns give clues
about the cause [CCC-2] of different phenomena.

Spectral
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Figure 7.62. Color Spectrum of Our Sun
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Color spectrum of our Sun. The rainbow image and the height of the graph depict the same
information. The rainbow image is created by splitting the light from a telescope with a prism. The
values of the graph are measurements of the relative intensity of each color. The graph dips lower
where the rainbow image is dimmer. Graph by M. d’Alessio

Students notice that many stars have bands of low intensity at exactly the same
wavelength (fig. 7.63). Understanding this observation requires additional background
in physical science. The NRC Framework lays out strong connections between the DCIs
in this instructional segment and physical science: “The history of the universe, and of
the structures [CCC-6] and objects within it, can be deciphered using observations of their
present condition together with knowledge of physics and chemistry” (National Research
Council 2012, 173).
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Figure 7.63. Spectra of Six Different Stars
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Circles indicate spectral lines from different elements on the periodic table. Graph by M. d’Alessio with
data from Sloan Digital Sky Survey/Sky Server n.d.

The concept of absorption lines in spectra from stars unites the study of matter and
the study of waves. Students build upon their model [SEP-2] of the structure of atoms
from IS4 (PS1.A; HS-PS1-8) and discover that light is a name for one segment of the
electromagnetic spectrum (IS5; PS4.B; HS-PS4-1). The dark bands common in star spectra
occur because atoms of different elements absorb specific colors of light (figure 7.64).
Students have studied energy conversion as early as grade four and throughout the grade
spans (PS3.B: 4-PS3-4, MS-PS3-3, 4, 5, HS-PS3-3; IS3), and now they are presented with
a sophisticated example of individual atoms working as tiny energy [CCC-5] conversion
devices. Atoms absorb some of the light energy (or other energy from the electromagnetic
spectrum) that hits them, which pushes electrons to higher energy levels than their normal,
stable ground state and temporarily store the energy as a potential energy. The atom
quickly converts the energy back to light energy as it returns to its ground state, but that
energy may be emitted in a completely different direction than the original energy or may
be at a different wavelength. Each element on the periodic table has a unique electron
orbital configuration, so different elements absorb light energy at very specific colors
(wavelengths). Students can therefore use the absorption bands as fingerprints to identify
the types and relative quantity of elements in a given star. Figure 7.63 shows that common
star spectra include fingerprints of a number of elements, and more detailed analysis allows
scientists to determine the full range of elements and even their relative abundance to
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construct the complete chemical composition of a star’s atmosphere. For students to be
able to explain [SEP-6] this multi-step process, the class could act out the process using
their bodies to represent different components of the system [CCC-4] in a physical model
[SEP-2] . Using the language of systems [CCC-4] helps focus student attention on the

energy inputs (light), the internal workings of the system (electrons in different energylevel orbitals), and the energy outputs (light emitted in a different direction or at a different
frequency than the energy input).
Figure 7.64. A Model of Absorption Lines
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Absorption spectra occur because individual atoms can temporarily convert light energy into potential
energy. Diagram by M. d’Alessio with images from Wereon 2006 and NASA 2010

The absorption of specific wavelengths of electromagnetic waves occurs in stars, but
also all around on Earth, including in greenhouse gases in Earth’s atmosphere. Materials like
CO2 and water vapor absorb infrared energy leaving the planet and re-emit it back toward
Earth so that energy that would otherwise have left the system is retained. This process
is fundamental to Earth’s energy balance as discussed in the high school Chemistry in the
Earth System course (HS-ESS2-4).

Evidence for Fusion
For ages, scientists have pondered what has caused the Sun to shine. In 1854 William
Thomson (who later became so well known as a scientist that he was knighted and now
is known as Lord Kelvin) published a paper calculating that the Sun would run out of fuel
completely in just 8,000 years if it were made entirely of gunpowder, which was the most
energy-dense self-contained fuel he could think of at the time (Kelvin 1854). Even in the
1850s, geologists had evidence that the Earth is considerably older than that, so controversy
ensued over what causes the Sun to shine.
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Lord Kelvin correctly determined that no chemical reaction would yield enough energy
to power the Sun, but he incorrectly concluded that the Sun must be getting a constant
replenishment of energy from meteors that collide with it. He died in 1907, more than a
decade before scientists discovered a process that could release previously inconceivable
amounts of energy, nuclear fusion (IS4). Under most conditions, when two atoms collide
they bounce off one another because of the repulsive forces between their nuclei. If the
atoms are moving fast enough, their nuclei may get close enough together so that when
they collide, they fuse, releasing more than a million times more energy per unit of mass
than any chemical reaction.
Students can repeat Lord Kelvin’s calculation [SEP-5] about how long the Sun can last
if it continues to emit energy at its current rate, but this time using information he did not
have about the composition of the Sun from spectral lines (not gunpowder, but 75 percent
hydrogen) and the energy release of hydrogen fusion (instead of chemical reactions). This
approximate calculation of the scale [CCC-3] of energy release shows that the Sun’s lifetime
will be on the order of several billion years. Students can support or refute the claim [SEP-7]
that this result is reasonable using evidence of the age of the Earth from IS4.

Opportunities for ELA/ELD Connections
Students select and read biographies about or autobiographies/memoirs by famous or
influential scientists known for their work about the stars, Sun, planets, or universe.
(Note: The teacher may provide a list of names to select from to ensure certain
concepts are highlighted.) Citing evidence from text, students write a letter to the
scientist asking a relevant question about their work. The letter should include a critical concept, knowledge, or discovery by the scientist and identify key ideas, words, and
phrases relevant to the topic.
CA CCSS for ELA/Literacy Standards: RST.9–12.2, 4, 8; SL. 9–12.4, 5
CA ELD Standards: ELD.PI. 9–10

A Model of Fusion in Stars Over Their Lifecycle
For fusion to occur, atoms must reach a high enough temperature that they move quickly
enough to fuse together, typically millions of degrees. Such temperatures do not occur
naturally anywhere on Earth—they only happen in the interiors of stars where temperatures
and pressures are so high due to gravity and the kinetic energy of in-falling matter. But
even at the center of a star, conditions can change [CCC-7] that cause fusion to start and
stop. As a result, we say that stars are born and die.
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Stellar Birth and Activating Fusion
A star begins its life as a cold cloud of dust and gas. Gravity attracts the individual dust and
gas particles and they fall towards one another, decreasing the gravitational potential energy
[CCC-5] of the system [CCC-4] . Since energy must be conserved in the system, the particles

gain kinetic energy (much like a ball falling downward speeds up as it gets lower). The
temperature of an object is a measure of the average kinetic energy of its molecules, so we say
that the star warms as it contracts. At some point, the particles may be moving fast enough
that they undergo nuclear fusion when they collide. Within the same cloud of dust and gas,
many objects can form simultaneously. Objects that accumulate enough mass to start fusion
are called stars. Planets are made of the exact same material as stars and accumulate by the
exact same gravitational processes, but their mass is not sufficient to begin fusion.

Mid-life as a Star: A Balance
Once fusion begins, the energy [CCC-5] it releases causes particles to push one
another apart and the star begins to expand again. This is the opposite situation as the
original star formation and involves an increase in gravitational potential energy that must
be balanced by the particles slowing down (much like a ball thrown upward slows down as
it gets higher). At slower speeds, fusion is less likely to occur and the star stops expanding.
This counterbalancing10 feedback between the explosive force of fusion and the attraction
due to gravity keeps stars stable [CCC-7] during most of their lifespan (figure 7.65). This
stable period of a star’s life is referred to as the main sequence and it means that hydrogen
is fusing in the star’s core.
Figure 7.65. Counterbalancing Feedback in Stars

The explosive force of fusion balances the attractive force of gravity keeping stars stable [CCC-7]
during most of their lives. Diagram by M. d’Alessio

10. In the CA NGSS standards and many textbooks, these feedbacks are called negative feedbacks. This CA Science Framework
uses counterbalancing because many counterbalancing feedbacks have very favorable effects.
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Growing Older
Even the core of a young star is not typically hot enough to fuse anything except
hydrogen. Larger stars burn it more quickly because they are hotter, and all stars eventually
fuse all the hydrogen in their core to form helium. At that time, fusion stops, marking the
end of the period called the main sequence. Without fusion pushing the star outward, the
counterbalancing feedback shown in figure 7.65 becomes unbalanced, and then gravity acts
alone to contract the star.
Contraction causes temperature increases in both the core and the surrounding
envelope. If the star has enough mass, it may heat enough for helium atoms to begin fusing
together. If that helium gets used up, the same processes will create, in sequence, large
elements up to the size of iron. Only stars that start off their lives with a large enough mass
are able to generate elements larger than helium during their lifetimes. Contraction of the
star’s envelope triggers hydrogen to begin fusing there. The outer envelope (surrounding
gaseous material) is less dense, so gravity does not act as effectively to hold the star
together and fusion in the envelope causes the star to expand to a massive size, which is
why some stars are called giants and supergiants.
Our Sun is currently in its main sequence, so it has not yet become a giant and still only
fuses hydrogen in its core. So how does it get all the more massive elements than helium
that show up in its spectra? Where did they come from?

The End of Stars
Once hydrogen fusion stops in the Sun’s core, hydrogen fusion in its envelope will cause
it to grow to be a giant star. Eventually its envelope will expand, leaving behind a core made
primarily of carbon and oxygen. That core will still be incredibly hot and it will continue to
glow for a long time even without fusion. Some of the stars we see in the night sky are
actually the hot, dying cores of stars that have finished fusion.
Larger stars continue fusing atoms until they end up with only iron in their cores and
spontaneous fusion stops. The core is already very dense and gravity can cause the
entire core to collapse within a few seconds. This rapid core collapse leads to such high
temperatures and pressures that there is finally enough extra energy [CCC-5] to fuse
elements larger than iron. Practically all of the atoms in the universe heavier than iron
formed during the cataclysmic collapse of these large stars. The collapsing core rebounds in
a dramatic explosion called a supernova, ejecting all of its material out into space where it
can eventually coalesce into new stars. The carbon in our bodies came from carbon made
in a star that exploded and was ejected into a region of space where our solar system was
born. As Carl Sagan once said, “We are made of star stuff.”
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Students combine their model of fusion (HS-PS1-8) with the counterbalancing feedback
in figure 7.65 to construct a model [SEP-2] of how fusion relates to a star’s lifecycle
(HS-ESS1-1). They apply this model to a product that communicates how material got from
the random hydrogen atoms inside a young star to the complex range of elements inside
their own bodies (HS-ESS1-3). They create a diagram, storyboard, movie, or other product
that illustrates this step-by-step sequence. At each stage of their diagram, they should be
able to answer the question, “What is the evidence that this particular stage happens?”

Physics in the Universe Snapshot 7.14:
Asking Questions About Patterns in Stars
Investigative phenomenon: Bright stars can be located near or far from Earth,
but they are typically hotter.

Students reviewed a table of a number of properties of the 100 nearest
stars and the 100 brightest stars using a spreadsheet (figure 7.66). They
constructed graphs of different properties looking for patterns [CCC-1]
in the data. They found that many of the factors were uncorrelated. For
example, they probably noticed that bright stars are located both near and far from Earth,
but they should have seen a definite pattern between brightness and temperature—hotter
stars are brighter and colder stars are dimmer. They may have begun with a linear scale
[CCC-3] , but with such a large range in the brightness of stars (less than 1 percent as
bright up to 100 times brighter than the Sun), they discovered the need to adjust to a
logarithmic scale [CCC-3] .
Figure 7.66: How Does Star Brightness Depend on Temperature?
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Physics in the Universe Snapshot 7.14:
Asking Questions About Patterns in Stars
Anaya: “Not all the bright stars are hot, though. Are those outliers?”
Cole: “And not all the dim stars are cold.”
Ms. M: “Why do you think that is? Should we graph more data?”
Jordan: “Maybe those dim ones are farther away.”

Diego: “I don’t think so. We graphed distance versus brightness and there wasn’t
any trend. But I’ll look specifically at the data for those stars to make sure.”
Jordan: “Well maybe they’re smaller then. If they’re small, maybe they wouldn’t
be very bright even if they were hot.”
Anaya: “And maybe those cold ones would be bright if they were really big.”
Students asked questions [SEP-1] that led them to further investigation. The
example student dialog is idealized, but effective talk moves can help structure
conversations so that students move towards this ideal (as outlined in the “Instructional
Strategies” chapter of this framework).
This pattern [CCC-1] in the data was discovered by Ejnar Hertzsprung and Henry
Russell around 1910 and is commonly referred to as a Hertzsprung-Russell (H-R) Diagram.
It appears in several different forms including color (spectral type) instead of temperature.
Like the coals in a fire, cooler stars are red and hotter stars are orange, yellow, or even
blue. (Several online simulations are available to allow students to explore this relationship
between temperature and color.) Students can add this relationship to their model of the
Sun’s energy [CCC-5] emissions (HS-ESS1-1) because it helps explain the overall broad
range of colors emitted by the Sun in figure 7.62. It relates to the star’s lifecycle because
most of the stars plot along the central diagonal line in the H-R diagram, which is referred
to as the main sequence. As each star moves through its life cycle and stops fusing
elements in its core, it plots in a different section of the H-R diagram than it did during its
main sequence.

Getting Energy to Earth
As early as grade five in the CA NGSS, students generated a model showing that most
of the energy that we see on Earth originated in the Sun (5-PS3-1). Now students will
expand their system model [SEP-2] to trace the flow of energy [CCC-5] back to fusion
in the Sun’s hot core (HS-ESS1-1). Students will need to use models of heat transfer within
a system such as radiation and convection from physical science (HS-PS3-4). They develop
a model of convection at Earth’s surface in the middle grades (MS-ESS2-6) and in Earth’s
interior in the high school Chemistry in the Earth System course. Now they can apply that
model to the interior of the Sun. Convection occurs in a large section of the Sun’s outer
envelope, moving heat from the interior out to the visible surface (figure 7.67). Students
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can directly observe evidence of this convection in high-resolution optical images of the
Sun’s surface that resemble a bubbling cauldron. This convection plays a role in the eruption
of solar flares and other variations in solar intensity, which have been recorded for centuries
(NASA 2003b). Some of these variations are periodic (the Sun’s magnetic field flips about
every 11 years, causing changes [CCC-7] in the amount of radiation of about 0.1 percent)
while slightly larger variations are less well understood but can make a big difference in
Earth’s climate over much longer timescales [CCC-3] (from decades to millions of years).
The existence of these variations is further evidence for convection, which constantly
bubbles up new high-temperature material that emits more energy [CCC-5] than the
cooler and denser material that sinks down. Even though no fusion occurs on the visible
surface, it still shines via a process known as thermal radiation (or black body radiation).
Most of this radiation travels directly towards earth, but a small fraction of it is absorbed,
creating the absorption spectra of figure 7.67.
Figure 7.67. Energy Transfer from the Sun to Earth
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Energy transfer by radiation and convection moves energy from the Sun’s core to Earth. There are a
number of steps along the way. Diagram by M. d’Alessio

Origins of the Universe
Students analyze [SEP-4] spectra of stars beyond the Sun by comparing them to a
set of known spectral lines of different elements determined in a laboratory. To match
the laboratory lines, they find that they need to shift the star spectra. Understanding the
significance of this observation requires understanding of the Doppler effect, a process that
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builds on students’ existing models of waves but is not required to meet other CA NGSS
performance expectations. When stars move toward or away from a viewer, the wavelength
of their light shifts. We can therefore use the Doppler shifts to map out the movements of
stars toward or away from us. For example, we find that galaxies rotate, so even if overall
the galaxy is moving away from us, stars on one side of it may have a smaller Doppler
shift than stars on the other side. When students examine different stars in different parts
of the sky, they will make the discovery that almost all galaxies are shifted toward longer
wavelengths, revealing that the stars are all moving away from us. Since longer wavelengths
are closer to the red end of the visible spectrum, this effect is referred to as redshift.
Students are now ready to obtain information [SEP-8] from media about Edwin
Hubble’s surprising discovery that the universe is expanding (see Sloan Digital Sky Survey/
Sky Server, The Expanding Universe at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link70).
At the time, scientists wondered if our universe has always looked the way it does today.
Einstein assumed a static, “ungrowing” universe in his equations of relativity, but others
like Willem de Sitter showed that an expanding universe was also theoretically possible.
Meanwhile, observational astronomers like Henrietta Leavitt developed techniques that
allowed accurate distance measurements of objects in the universe, and Vesto Slipher
cataloged the redshifts of entire galaxies. Hubble entered the debate by combining these
techniques and noticing a pattern [CCC-1] in the redshifts: the farther away a galaxy
is from Earth, the faster it moves away from us. Some of the most distant galaxies have
such an extreme redshift that they appear to be receding from us at a speed faster than
the speed of light when we calculate their velocity using Doppler shift alone. If they were
moving that fast, their light would never reach us and we wouldn’t be able to see them.
Hubble proposed a bold model [SEP-2] that could explain [SEP-6] this pattern in which
galaxies are not really moving in space, but rather the space between the galaxies is getting
bigger (much like a lump of dough expanding and moving mixed-in raisins farther apart
from one another). The redshifts must be the combined effect of Doppler shift and the
wavelengths getting stretched by the stretching of space itself.
Students can perform their own investigation [SEP-3] of redshifts using simulated
telescope data from online laboratory exercises. Two older examples include Project CLEA
at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link71 or University of Washington Astronomy
Department at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link72. This investigation requires
an understanding of how distances are measured in the universe, which builds on
the argument [SEP-7] students constructed in fifth grade that the apparent brightness
of stars in the sky depends on their distance from Earth (5-ESS1-1). Students can work
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independently or in small groups to obtain information [SEP-8] about one of the methods
for determining distance in the universe and then combine their findings with other
students’ findings to develop a report, a poster, or a presentation that describes the scale
[CCC-3] of the universe and how it is measured.

Students now have evidence [SEP-7] that the universe is expanding, so teachers can
invite them to ask questions [SEP-1] such as “What is causing this expansion?” and “What
would the universe look like if we could ‘rewind’ this expansion to look back in time?” The
inevitable answer is that everything that we can see as far as we can look out into the
universe was at one time all contained in a tiny region smaller than the size of an atomic
nucleus. This region was extremely hot and dense at this time until everything started
rapidly to spread apart in what we call the Big Bang. We can see evidence of this expansion
in the matter and energy [CCC-5] that exists in the universe today. As the material spread
apart, it started to cool enough for atomic nuclei to form, but calculations by scientists
show that only specific elements would form and in specific proportions. We can look for
that “fingerprint” by using spectral lines and other techniques to determine the relative
abundance of different elements in stars like our Sun (graph in the top right in figure
7.68). While Sun’s relatively small proportion of heavier elements was formed in distant
supernovas, its overall composition is similar to most other stars and matches the fingerprint
predicted by the Big Bang with roughly three-quarters hydrogen and one-quarter helium.
In 1963, a group of scientists detected another piece of evidence of the Big Bang when
they observed a constant stream of microwave radiation coming toward Earth in every
direction. They were worried something was wrong with their equipment, but it became
apparent that the signal they were detecting was also consistent with models [SEP-2] of a
hot early universe that emitted radiation, which should still be traveling toward Earth today.
We now call that energy [CCC-5] the Cosmic Microwave Background Radiation and can use
it to describe what the universe looked like shortly after the initial Big Bang (image on the
bottom in figure 7.68). Like so many scientific discoveries, engineering and technology have
had a profound impact on scientists’ ability to make measurements. Students should be
able to explain [SEP-6] each of these pieces of evidence and the model of the Big Bang,
culminating the Physics of the Universe course by combining knowledge of electromagnetic
radiation, nuclear processes, gravitational forces, and even conservation of momentum.
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Figure 7.68. Evidence for the Big Bang
Spectral Observations: Redshift v. Distance
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Introduction to Grades Nine Through Twelve

T

he National Research Council’s A Framework for K–12 Science
Education: Practices, Crosscutting Concepts, and Core Ideas (NRC
Framework) outlined a significant new vision for science education.

The California Next Generation Science Standards (CA NGSS), aided by the
Science Framework for California Public Schools Kindergarten Through Grade
Twelve (CA Science Framework), are just the first step toward translating
that vision into practice.
Before schools and districts can fully implement the CA NGSS, they
must organize the high school grade-banded performance expectations into
courses. This chapter describes ways in which the performance expectations
for high school could be bundled together into instructional segments to
form an appropriate sequence of courses. This chapter describes one of two
high school course sequences: the High School Four-Course Model. The High
School Three-Course Model is described in chapter 7. Additionally, appendix
4 in this framework outlines an integrated three-year high school model
called Every Science, Every Year.

High School Four-Course Model Introduction
The High School Four-Course Model is based on the Science Domains
Model in which one course is assigned to one domain of the CA NGSS: life
science (LS), physical science (PS), and Earth and space science (ESS). The
physical science performance expectations have been further subdivided
to define a chemistry course and a physics course. The High School ThreeCourse Model contains the Living Earth, Chemistry in the Earth System, and
Physics of the Universe courses. The three-course model combines all high
school performance expectations into three courses. To highlight the nature
of Earth and space sciences (ESS) as an interdisciplinary pursuit with crucial
importance in California, the three courses present an integration of Earth
and space science and one of the other high school disciplines.

Organization Within Courses
The performance expectations are the expected outcomes of a sequence
of instructional segments (IS) that reinforce one another as students
2016 California Science Framework
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develop the underlying knowledge of each topic. Individual performance expectations should
not be used to develop individual lessons or activities, as they are insufficient to specify
the full organization of a coherent curriculum. Rather, a bundle of selected performance
expectations provides the breadth and depth required to address the key content ideas that
students need. Performance expectations within each course in this document are therefore
bundled into instructional segments, and an effort is made to provide an expanded
description of the science concepts indicated in the disciplinary core ideas (DCIs) that
underlie the specific set of performance expectations. Furthermore, the Clarification
Statements and Assessment Boundaries associated with the performance expectations in
the bundle were used to suggest student investigations aligned with the vision of threedimensional learning: students engage in science and engineering practices (SEPs) to
learn DCIs that are understood better when linked together by crosscutting concepts
(CCCs) . The SEPs, DCIs, and CCCs grow in sophistication and complexity throughout

the K–12 sequence. While this chapter calls out examples of the three dimensions in the
text using color-coding, each element should be interpreted with this grade-appropriate
complexity in mind (appendix 1 of this framework clarifies the expectations at each grade
span in the developmental progression).
This framework provides examples and suggestions; it does not dictate requirements.
The specific performance expectations in each instructional segment bundle presented in
this chapter are only one example of the way performance expectations could be coherently
organized. There are a variety of possible alternative paths and different interplays among
overarching themes identified in each instructional segment bundle. Educators should
consider their local context as they reflect upon these examples. Instructional sequences are
most effective when they are designed to meet the needs of the specific students who will
be participating in them.
The teaching of science and engineering content should be integrated with the teaching
of the practices of scientists and engineers. It is through the integration of content and
practices “that science begins to make sense and allows students to apply the material”
(NGSS Lead States 2013b). The CA NGSS encourage teachers and students to engage with
specific topics in depth, emphasizing critical thinking along with primary investigations such
as in the context of case studies.

Essential Shifts in the CA NGSS
A cursory review of the CA NGSS performance expectations and the 1998 California
Science Content Standards reveals a significant change in emphasis. With the exception of
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the Investigation and Experimentation standards, all of the standards in the 1998 California
Standards start with the phrase “Students will know…” By contrast, the performance
expectations of the CA NGSS emphasize higher level reasoning through phrases directly
linked to the eight SEPs such as: plan and conduct … , develop models … , communicate
… , support the claim … , etc. Although the number of performance expectations in the
CA NGSS is smaller than the number of standards in the 1998 California Science Content
Standards, they require a deeper understanding. It is critical that teachers look at the verbs
embedded in each performance expectation to understand what students are expected to
do. It is no longer sufficient for students to simply “know” facts about science, they need
to be able to apply science and engineering practices to uncover and elucidate crosscutting
concepts that have applications across many DCIs. In addition to this framework, the CA
NGSS Evidence Statements offer a concise overview of the components that students must
know and be able to do in order to meet the performance expectation.

All Standards, All Students
The CA NGSS high school performance expectations are the assessable statements
of what all students should know and be able to do by the end of grade twelve. In other
words, the performance expectations represent the minimal assessable standards for which
all high school students should be held accountable. Each of the performance expectations
has assessment boundaries to guide those who construct standardized assessments. Thus,
the performance expectations set a minimum goal, and high school science teachers should
include additional expectations as appropriate for the goals of their courses. Teachers
should pay close attention to the DCIs, SEPs, and CCCs and develop each to the depth
appropriate for the goals of their class using the resources in the CA NGSS appendixes.

Course-Sequencing Discussion
California’s high schools operate largely under local control. As such, course offerings and
the order in which courses are offered for high school science are local education agency
(LEA) decisions. As a result, this framework prescribes neither the courses to be offered nor
the order in which they are offered. Instead, LEAs may consider multiple course sequences.
The proposed Every Science, Every Year integrated model (appendix 4 of this framework)
has a set sequence but the four-course discipline specific and three-course integrated Earth
and space science models do not.
As decision makers, LEAs have several factors to consider when deciding what will best
meet their students’ needs. They should try not to let tradition and staffing be the only
factors they consider as they make these choices. Since students learn the same eight SEPs
2016 California Science Framework
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and seven CCCs in all science classes, we are focusing on DCIs in this discussion.
The order in which high school science courses have traditionally been offered—
biology, chemistry, and then physics—has been in place for more than 100 years since the
Committee of Ten first met. In our twenty-first century world, this may not make the most
sense. As LEAs decide among the twenty-four permutations for course sequence in the fourcourse model and six possibilities for the three-course model, they need to be thoughtful
about their choices and consider carefully the implications of the selected sequence. Strong
arguments can be made for any of the sequences.
The questions and prompts below are meant to help LEAs with the decision:
•

Is the goal to get students to take more science and science, technology, engineering
and math (STEM) classes? If so, consider placing the most engaging and exciting
classes as the first courses in the sequence. That may recruit more students into STEM
and science classes (and possible STEM-related careers and college majors).

•

What course(s) are viewed as most important to the community? Put those classes
first because some percentage of students will take the minimum requirements for
graduation.

•

How many science classes are students in the LEA required to take in order to
graduate? How many science classes do students in the LEA typically take? What
science concepts and ideas does the LEA want to be sure that all students have if
they do not take the full scope of CA NGSS? These questions all have implications for
choosing which classes (and ideas) come earliest.

•

What science ideas does the LEA think juniors and seniors are more developmentally
ready to learn than freshmen and sophomores?

•

What concepts and ideas does the LEA think are more concrete so should be placed
earlier in the sequence, with more abstract ideas coming later in the learning process?

•

As the LEA considers individual discipline focused classes, they should look at the
performance expectations. Are there performance expectations from other disciplines
that should be mastered for students to be successful in a particular course? If so, that
has implications for sequencing.

The decision LEAs are being asked to make is not trivial. Therefore, LEAs should spend
time on the decision and consult with their science teachers. Ultimately, the LEA needs
to determine a two-, three- or four-year sequence of course offerings. Whichever course
sequence is selected, the LEA needs to consider the learning that takes place in earlier
classes that will support and impact learning that comes later. The purpose of science
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classes is not merely to prepare students for other courses, but to demonstrate that courses
are interconnected and that disciplines overlap (think about those crosscutting concepts
which underpin all of science). Ideas and concepts learned in one content area come
into play when learning a new science discipline. These should be considered as the LEA
determines in what order to place courses.

Biology Early or Late in the Sequence?
There are several good arguments for placing biology early in the sequence: (1) biology
has a better track record of interesting girls in science (AAUW 2010; Baram-Tsabari and
Yarden 2011); (2) some teachers are more comfortable with its earlier placement in
the sequence; and (3) students are generally interested in themselves, so a course that
helps them understand themselves could be a good starting point. However, modern
biology requires understanding and applying chemistry and physics, and much of biology
today explores and explains things at the molecular or cellular level. Therefore, the LEA
should consider the following question: How could topics in high school biology be taught
differently if chemistry, for example, were taken prior to biology as opposed to afterwards?

Chemistry Early or Late in the Sequence?
As mentioned above, modern biology is heavily influenced by chemistry. Therefore,
having chemistry prior to biology may be instructionally efficient. For example, concepts
already studied in a chemistry class should require less emphasis and subsequently less
time, leaving room for more in-depth biology concepts. On the other hand, chemistry is
rather abstract, dealing with phenomena unseen to the naked eye and frequently unintuitive
to students. Knowing the students and community will help the LEA decide if students can
handle the more abstract science ideas earlier in their academic career. An understanding of
physics prior to chemistry could help students better understand atomic structure, electron
shells and orbitals, and bonding. Just as comfort with mathematics is an argument used for
determining where physics should be offered, it can be argued that chemistry also requires
a level of mathematical competence.

Physics Early or Late in the Sequence?
Physics has traditionally been offered late in the sequence to a small population of
students. Many argue having physics later in the course sequence allows concepts to be
introduced through a more mathematically rigorous lens. Others argue having physics
earlier in the sequence is approachable to students as the concepts are concrete and relate
to students’ everyday lives. Physics prior to chemistry or Earth and space sciences means
2016 California Science Framework
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students bring an understanding of the mechanisms for much of the physical world to
their studies. Physics after chemistry or Earth and space sciences allows the opportunity
to revisit ideas learned earlier. Physics early in the sequence, taken by all students, might
attract more students to pursue the physical sciences—especially girls and underrepresented
populations who traditionally avoid the physical sciences (Institute of Physics 2006).

Earth and Space Sciences Early or Late in the Sequence?
Modern Earth and space sciences comprise an integrated discipline, which uses life
and physical sciences to understand the universe. Earth and space sciences as an early
course can be grounded in California phenomena, serve as a teaser for future classes, and
introduce students to concepts that will be developed in later science classes. However, as
a later course it can be a culminating capstone-like experience tying together and using
concepts from other disciplines as they apply to phenomena in our state and universe.
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High School Four-Course Model: Life Science/Biology
Introduction to the Biology Course
According to the Next Generation Science Standards:
Students in high school develop understanding of key concepts that help
them make sense of life science. The ideas are building upon students’
science understanding of disciplinary core ideas, science and engineering
practices, and crosscutting concepts from earlier grades. There are five life
science topics in high school: 1) Structure and Function, 2) Inheritance and
Variation of Traits, 3) Matter and Energy in Organisms and Ecosystems, 4)
Interdependent Relationships in Ecosystems, and 5) Natural Selection and
Evolution. The performance expectations for high school life science blend core
ideas with scientific and engineering practices and crosscutting concepts to
support students in developing useable knowledge that can be applied across
the science disciplines. While the performance expectations in high school
life science couple particular practices with specific disciplinary core ideas,
instructional decisions should include use of many practices underlying the
performance expectations. The performance expectations are based on the
grade-band endpoints described in A Framework for K–12 Science Education.
(NGSS Lead States 2013e)
The study of life science spans from microscopic proteins to entire ecosystems and
includes an understanding of human body systems. While biology emphasizes the
relationship between structures and their functions, the scale of structures is perhaps less
important than the processes and mechanisms of the functions. Students are finally able to
explain patterns that they identified and asked questions about during their K–8 education.
Some of these processes occur in the blink of an eye while others take millions of years to
unfold. Despite the extreme spans in scale, students have tools to use evidence, evaluate
claims, and develop models to interpret the unseen. Students begin with phenomena and
use them to enhance their understanding of core ideas in biological science.
The California Next Generation Science Standards (CA NGSS) do not specify which
phenomena to explore or the order to address topics because phenomena need to be
relevant to the students who live in each community and should flow in an authentic
manner. This chapter illustrates one possible set of phenomena that will help students
achieve the CA NGSS performance expectations. Many of the phenomena selected illustrate
California’s Environmental Principles and Concepts (EP&Cs), which are an essential part of
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the CA NGSS (see chapter 1 of this framework). However, the phenomena chosen for this
statewide document will not be ideal for every classroom in a state as large and diverse as
California. Teachers are therefore encouraged to select phenomena that will engage their
students and use this chapter’s examples as inspiration for designing their own instructional
sequence. For example, the course could be restructured around contemporary issues of
health or ecosystem change faced by a local community.
This example course is divided into instructional segments centered on questions about
observations of a specific phenomenon. Different phenomena require different amounts
of investigation to explore and understand, so each instructional segment should take a
different fraction of the school year. As students achieve the performance expectations
within the instructional segment, they uncover disciplinary core ideas (DCIs) from
life science and engineering. Students engage in multiple practices in each instructional
segment, not only those explicitly indicated in the performance expectations. Students
also focus on one or two crosscutting concepts (CCCs) as tools to make sense of their
observations and investigations; the CCCs are recurring themes in all disciplines of science
and engineering and help tie these seemingly disparate fields together.
This chapter clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction to
science, serves as a senior capstone course that integrates and applies science learning
from all previous science courses, or aligns with the expectations of advanced placement or
international baccalaureate curriculum.

Example Course Mapping for a Life Science/Biology Course
Throughout the course, students consider what it means to be living and what characterizes
life. The instructional segments in table 8.1 match the sequence in appendix K of the CA
NGSS. The segments are grouped into four clusters that each build upon one another. The
clusters could be rearranged in a different sequence to match a different conceptual flow,
though the depth and complexity of each topic would have to be adjusted accordingly.
The example course ends with a culminating experience tying together how organisms
maintain life from the single cell to the multicelled organism and how the environments they
live in provide a rich integration of what students learned in their yearlong biology course.
In this experience, students use the following science and engineering practices (SEPs)
to illustrate how all living things maintain life: evidence [SEP-7] , arguments [SEP-7] ,
explanations [SEP-6] , and design solutions [SEP-6] .
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Table 8.1. Overview of Instructional Segments for High School Biology
FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

1

Structure and Function
All cells contain genetic information in the form of
deoxyribonucleic acid (DNA) molecules. DNA provides the
blueprint for building proteins so that cells can function.
Cells are living organisms that can carry on life and can work
together to become organs and organ systems. What happens
when organs fail? How do diseases affect cells?

2

Growth and Development of Organisms
One characteristic of life is the growth of organisms. For
organisms to grow, parent cells have to pass on their genetic
information to daughter cells, which happens during cell division. Once cell division occurs, cells can then differentiate into
specific cell types.

3

Organization for Matter and Energy Flow
in Organisms
Students track the movement of matter and energy through
plants and animals and relate the flow to photosynthesis
and cellular respiration. These processes interact to provide
energy for living systems (from the individual all the way to
the ecosystem).

ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

4

Interdependent Relationships in Ecosystems
Resources determine the carrying capacity of populations
of organisms living in an ecosystem. Abiotic and biotic
changes can alter resource availability and affect populations.

5

Cycles of Matter and Energy Flows in Ecosystems
Students model the cycling of matter in ecosystems
(including the carbon and nitrogen cycles) and relate these
cycles to energy transfer. Animals use most of the energy they
consume for survival, and only about 10 percent is stored
within their biomass.
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6

Ecosystem Dynamics, Functioning, and Resilience
When resources are limited, all organisms in an
ecosystem suffer. Humans often alter resource availability.
Conservation biology examines ways to restore ecosystems
that have been disrupted or destroyed.

7

Social Interactions and Group Behavior
This instructional segment focuses on the ability of
gene pools in populations to be passed on as modeled in
the survival of reproducing individuals, including individuals
raising young (rather than having young), colonies and herds
used for protecting young so traits are passed on, and other
modes of group behavior.

HEREDITY: INHERITANCE AND VARIATION OF TRAIT

8

Inheritance of Traits
Students obtain information about the history of how the
structure of DNA was understood. Students also learn that
DNA provides a code that is transcribed into ribonucleic acid
(RNA) and that this code is translated into a protein.

9

Variation of Traits
Traits are passed from generation to generation in an
ordered way. Predictions of offspring traits can be made
through Punnett squares. Even within the same family,
organisms can have different combinations of traits.
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BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

10

Evidence of Common Ancestry and Diversity
This instructional segment focuses on evidence
of evolution through common ancestry, homologous and
analogous structures, and commonalities of organisms.

11

Natural Selection
Darwin’s observations and inferences led to our
understanding of evolution. How can these be applied to all
living things?

12

Adaptation and Biodiversity
This instructional segment provides a culmination of
the course. Topics include how populations maintain diversity
and what selective pressures mean for survival, all of which
are tied to how organisms maintain life (the overarching
question in biology).

Sources: PublicDomainPictures 2013; Wellcome Images 2011; Saff 2004; PollyDot 2014; Unsplash
2015; Cold Spring Harbor Laboratory n.d.; Debivort 2006; adapted from Tkgd2007 2008; Gould
1882; Environmental Management 2016 Wiki 2016

From Molecules to Organisms: Structures and Processes
Understanding the characteristics of life is the unifying theme of biology. Before starting
IS1, teachers should assess what students know about the characteristics of life. For
example, working in small groups, students can sort pictures of living and nonliving things
into two categories and support an argument [SEP-7] for where they put each item.
Objects can include plants, insects, mammals, electronics, plastic toys, as well as unusual
examples and outliers such as a sponge, rock, lichen, tunicates, snakeskin, molds, and/or
a skeleton. Students in a group come to a consensus as to what goes in each category and
why. After presenting the group’s thinking to the entire class and listening to the thinking of
their classmates, students re-sort the items. Groups discuss the similarities and differences
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between the living organisms. Instructional segment 1 also builds on other key ideas in life
science that students engaged in during the middle grades including (1) models of cells and
how they interact in multicellular organisms (MS-LS1-1, MS-LS1-2 and MS-LS1-3) and (2)
the ability to explain the role of genes and how changes in them (mutations) can cause a
change in the proteins a cell constructs (MS-LS3-1 and MS-LS3-2). Formative assessments
at the beginning of the course will help teachers determine what level of detail they will
need to revisit to help students succeed.

Opportunities for ELA/ELD Connections
As part of the discussion to reach consensus on categorizing pictures of living and
nonliving things, students develop “agree–disagree” statements and exchange ideas
with one another about which pictures represent living or nonliving things, making
sure they articulate their rationale. The teacher can post a sample agree statement
and a sample disagree statement that model the language students are expected to
use in this content area. For example, “I agree that a sponge is a living thing based on
the criteria that anything that is, or ever has been, alive is a living thing” or “I disagree
that a sponge is a living thing since the definition of living is something that is not
dead—a sponge is dead.” As students share, the teacher can validate and guide students
to self-correct their statements.
CA CCSS for ELA/Literacy Standards: SL.9–12.1
CA ELD Standards: ELD.PI. 9–12.3

Life Science/Biology Instructional Segment 1:
Structure and Function
The performance expectations in the topic Structure and Function help students
formulate an answer to the following question: How do the structures of organisms enable
life’s functions? High school students are able to investigate explanations for the structure
and function of cells as the basic units of life, the hierarchical systems of organisms, and
the role of specialized cells for maintenance and growth. Students demonstrate understanding of how systems of cells function together to support the life processes. Students
demonstrate their understanding through critical reading, using models, and conducting
investigations. The crosscutting concepts of structure and function [CCC-6] , matter and
energy [CCC-5] , and systems and system models [CCC-4] in organisms are called out as

organizing concepts. (NGSS Lead States 2013e)
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 1:
STRUCTURE AND FUNCTION
Guiding Questions
• How does the structure of DNA affect how cells look and behave?
• How do systems work in a multi-celled organism and what happens if there is a change in
the system?
• How do organisms survive even when there are changes in their environment?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS1-1. Construct an explanation based on evidence for how the structure of DNA
determines the structure of proteins which carry out the essential functions of life through
systems of specialized cells. [Assessment Boundary: Assessment does not include identification of
specific cell or tissue types, whole body systems, specific protein structures and functions, or the
biochemistry of protein synthesis.]
HS-LS1-2. Develop and use a model to illustrate the hierarchical organization of interacting
systems that provide specific functions within multicellular organisms. [Clarification Statement:
Emphasis is on functions at the organism system level such as nutrient uptake, water delivery,
and organism movement in response to neural stimuli. An example of an interacting system could
be an artery depending on the proper function of elastic tissue and smooth muscle to regulate
and deliver the proper amount of blood within the circulatory system.] [Assessment Boundary:
Assessment does not include interactions and functions at the molecular or chemical reaction level.]
HS-LS1-3. Plan and conduct an investigation to provide evidence that feedback mechanisms
maintain homeostasis. [Clarification Statement: Examples of investigations could include
heart rate response to exercise, stomate response to moisture and temperature, and root
development in response to water levels.] [Assessment Boundary: Assessment does not include
the cellular processes involved in the feedback mechanism.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.A: Structure and
Function

[CCC-4] Systems and
System Models

[SEP-3] Planning and Carrying
Out Investigations

[CCC-6] Structure and
Function

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

[CCC-7] Stability and
Change

CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.11–12.2a–e, 7, 8, 9; SL.11–12.5
CA ELD Connections: ELD.PI.9–10.1, 5, 6a–b, 9, 10, 11a
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Human skin cells have a lifespan of only a few weeks before they die off, but we do
not really notice because the new ones look identical to the old ones. We see evidence
for this skin loss as we scrape off dead skin. How do cells do this? Students can watch
cells divide during a video and observe that the two cells at the end look identical. What
is the mechanism for making such exact copies? Instructional segment 1 and instructional
segment 2 help students answer these questions.
In the middle grades, students developed a model of how genes stored information
about how to make proteins but that model did not include DNA or how DNA is encoded
in genes. Their model did include the fact that genes record information about traits or
phenotypes. Now, students must explain [SEP-6] the mechanism by which the structure
of DNA determines the structure of proteins and how this process determines the overall
structure and function of the cell or organism.
As George Beadle (a biologist in the early twentieth century) said, “One ought to be
able to discover what genes do by making them defective.” Students can start with the
idea that DNA holds the information necessary for all phenotypes of the organism. Cells do
not need all of this information at all times or in all cells (analogous to a library that holds
lots of books arranged by subject, but only some of those books are checked out at certain
times). But which parts of the DNA sequence contain the information for which phenotypes?
Often, genes are mapped to phenotypes by looking at mutations. If a mutation alters the
phenotype, then the section of DNA that mutated must be responsible for that phenotype.
Once students recognize a cause and effect [CCC-2] sequence between mutated
genetic code in DNA and changes in phenotype, they are ready to examine the precise
mechanism: How does a DNA sequence blueprint get translated into a phenotype? Students
can use a codon table along with colored beads as a physical model [SEP-2] for protein
synthesis. The alignment of the nucleotides on the DNA strand is the template for the order
of the amino acids, which then determines which specific protein gets made based on
its structure [CCC-6] . Students do not need to understand the details of the translation
process, memorize a codon table, or map out metabolic pathways.
Historically, most of these connections were made by looking at mutants, and now
students can observe this by looking at loss of function in strains of bacteria1 or mutant
strains of fast-growing plants.2 Mutation gene maps for model organisms are available

1. It is possible to buy safe bacteria strains that are resistant to antibiotics from many biological supply companies and compare
those strains to ones that are not resistant or to ones that grow in the presence of lactose and ones that cannot breakdown
lactose and therefore change color.
2. A search on the Internet should provide links to companies that maintain normal and mutant seed stocks.
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and students can refer to these as they look at mutated phenotypes. Students can then
gather evidence [SEP-7] to construct an explanation [SEP-6] for how a specific DNA
sequence causes a specific loss of function, and can use this specific case to support
the claim that there is a connection between DNA, the proteins cells produce, and the
physical features of an organism (HS-LS1-1). In preparation for IS4 and IS11, students
can plan and carry out investigations [SEP-3] to determine if mutants can grow in
varying environments. Because students will need to refer back to their data to look at
variations within populations and effects of environment on individuals within populations,
teachers will need to introduce an organizational structure such as science notebooking or
the twenty-first century version of a notebook—student-created Web pages that describe
investigations using data stored in collaborative Web-based spreadsheets.
Mutations are technically tiny changes at the micro scale to DNA sequences, but how
do these modifications affect the overall function of body systems at the scale [CCC-3] of
an entire organism? While students constructed arguments that the body works as a set
of interacting systems [CCC-4] in the middle grades (MS-LS1-3), now they are ready to
understand some specific examples of interactions and the reasons that these interactions
are so important. Students can develop and use models [SEP-2] that show how a
system works then mutate part of it and observe the effects. A model that demonstrates
how the movement of the diaphragm affects the pressure in the chest cavity allowing for
our lungs to push out or take in air could either be pictorial (a labeled diagram showing
interacting components of the respiratory system) or a physical model with tubes and plastic
bags taped to a piece of cardboard to represent the lungs and diaphragm. If one lung is
nonfunctional, what happens? Students should develop and use a model that explains not
only how individual systems interact, but also how they interact to enable the functions of
the entire organism (HS-LS1-2). While examples can come from any organism, this is a key
opportunity within the CA NGSS to explore specific mechanisms within the human body.
One of the ways that cells work together in tissues, organs, and finally organ systems is
to maintain stability [CCC-7] through homeostasis. Maintaining homeostasis means that
despite changes in the environment, an organism has the ability to maintain certain internal
chemical and physical states. Students can measure their internal body temperature on a
cold morning, a hot day, or after vigorous exercise. Even as the temperature outside spans
as much as 40°C, a person’s internal temperature only varies by a few degrees. How does
this happen and why does the body work so hard to maintain a constant temperature? The
significance is in the functioning of proteins, especially when considering enzymes, which
usually have a fairly narrow range within their environment in which they can function
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correctly. For multicellular organisms, the first line of regulation is through their skin or outer
layer (epithelium), which responds to stimuli in the environment. The brain then processes
these stimuli and activates balancing feedback mechanisms to counteract the environmental
change. When it is hot, mammals sweat or pant, and when it is cold, they shiver. Students
can plan and conduct investigations [SEP-3] in which they change conditions for plants
or animals and watch how they respond (HS-LS1-3). They can measure their own heart rate
returning to normal after vigorous exercise, observe plants growing taller in the dark until
they reach new light sources, or observe the behavioral response of Planaria (flatworms) as
the amount of light changes. Students do not need to explain the specific mechanisms that
accomplish these changes (e.g. photosensitivity, hormone distribution, avoidance, etc.), but
they should gather evidence that organisms respond to changes and use that evidence to
construct a conceptual model [SEP-2] that can predict outcomes of future experiments
that vary parameters from their initial trials.
This instructional segment culminates with students researching and constructing
an explanation [SEP-6] about how different diseases cause a cascade effect in the

interdependent systems [CCC-4] of the human body (HS-LS1-2). Amyotrophic Lateral
Sclerosis (ALS, also known as Lou Gehrig’s disease) is a good example of a disease that
results in multiple effects on the body systems, but there are many such diseases in humans
(i.e., cystic fibrosis, muscular dystrophy, etc.). The cause of ALS is still uncertain and only
about 5–10 percent of cases can be traced to genetic inheritance of a mutated gene. Most
of the time there is a random event that causes a neurodegenerative progression of the
nerve cells in the brain and the spinal cord so that the muscles in the human body do not
receive messages and therefore begin to atrophy due to disuse. As the muscles atrophy,
other systems in the body are affected. For example, muscles in the respiratory system
stop working, and an individual with ALS has trouble breathing. Students should also
obtain information about treatments and solutions that modern medicine has found for
these diseases. In the case of diseases that cause organ failure, teachers can highlight the
importance of organ transplants and how donations of working organs and tissues from
others can save lives.
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Opportunities for ELA/ELD Connections
Working with partners, students select a human disease to research and construct
an explanation to answer the following questions: What are the multiple effects of
(selected disease) on the human body? and What are the current treatments or
solutions that modern medicine has found? Each pair will prepare a visual display
to be used in a medical office to help patients understand the disease. They must
research multiple print and digital sources, synthesize and summarize the key points,
and present their findings using a visual display (e.g., poster, slides, handouts). As
students work, the teacher can validate, encourage, and challenge students (particularly
English learners) to use the appropriate academic lexicon in clear sentences
CA CCSS for ELA/Literacy Standards: WHST.9–12.7, 8; RST.9–12.1, 2, 7, 9
CA ELD Standards: ELD.PI. 9–12.6, 9

Life Science/Biology Instructional Segment 2:
Growth and Development of Organisms
Students constructed explanations of how genetics and environment both
contribute to the growth of organisms (MS-LS1-5), and supported an argument about how
specific traits enable organisms to survive and reproduce (MS-LS1-4). In IS2, students
develop a model of the specific mechanisms by which growth occurs. This model also helps
explain the mechanisms by which successful traits get passed down from parent to offspring.

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 2:
GROWTH AND DEVELOPMENT OF ORGANISMS
Guiding Questions
• How do organisms grow?
• How do cells create exact copies of themselves?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS1-4. Use a model to illustrate the role of cellular division (mitosis) and differentiation in
producing and maintaining complex organisms. [Assessment Boundary: Assessment does not
include specific gene control mechanisms or rote memorization of the steps of mitosis.]
HS-LS3-1. Ask questions to clarify relationships about the role of DNA and chromosomes in
coding the instructions for characteristic traits passed from parents to offspring. [Assessment
Boundary: Assessment does not include the phases of mitosis or the biochemical mechanism of
specific steps in the process.] (Introduced but not assessed until IS8).
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 2:
GROWTH AND DEVELOPMENT OF ORGANISMS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

LS1.A: Structure and Function

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-2] Developing and
Using Models

LS1.B: Growth and
Development of Organisms

[CCC-4] Systems and System
Models

LS3.A: Inheritance of Traits

CA CCSS Math Connections: F-IF.7.a–e; F-BF.1a–c; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 9; SL.11–12.5
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

One of the characteristics of life is the ability to grow (whether as a single cell or as a
multicellular organism). In the 1860s, Rudolf Virchow proposed that new cells arose from
pre-existing cells. As microscope technology advanced in the late 1800s, scientists were able
to gather direct evidence supporting Virchow’s claim. To go from a single cell (fertilized egg)
to a multicellular organism, cells produce more cells. As unicellular organisms reproduce,
they also make more cells. In both cases, information gets copied from the parent to the
daughter cells. From IS1, students know that DNA records this information, but how do cells
duplicate DNA?
Cells, just like organisms, have a life cycle referred to as the cell cycle (figure 8.1).
The cell cycle is a conceptual model that describes the essential events in a cell’s life.
The assessment boundaries for HS-LS1-4 and HS-LS3-1 are clear that rote memorization
of different stages of the cell cycle or mitosis is not the goal of the CA NGSS. One of the
common consequences of differentiating between these stages is that students think of
them as separate and independent events rather than a continuous process. Students
should be able to describe the events and sequence of the cell-cycle model. They should be
able to describe how the stages contribute to the overall goal of the process. In particular,
students should ensure that their model includes the idea that organisms that reproduce
sexually (involving meiosis) contain two sets of genetic material, one set from each parent.
Students should begin to ask questions about how these duplicate copies of DNA determine
which traits offspring inherit from their parents (HS-LS3-1). Students should be able to use
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their model of the cell cycle to explain how organisms grow, how multicellular organisms
copy the same genetic code but differentiate into different cell types, and how organisms
replace dead cells with new ones (HS-LS1-4). Students can also apply their model to predict
what happens when there are mistakes in this process. For example, what would happen
if the stages of mitotic cell division do not occur in order (i.e. if cytokinesis occurs before
mitosis)? Students can also use the model to explain cancer3 and the effects of unchecked,
out-of-control cell division on normal cell function.
Figure 8.1. Two Pictorial Models of the Stages of the Cell Cycle

Stages of the cell cycle. On the left, the size of the pie is proportional to the time spent in each phase.
On the right, the icons visually depict what happens at each stage. Source: V. Vandergon; Genomics
Education Programme 2014

Cell division is the first part in the growth of an organism and as new cells are formed in
multicellular organisms, they differentiate into specific cell types. These specific cell types
then participate in the formation of a tissue, which then forms organs that are often parts of
a physiological system in multicellular organisms (this links back to IS1). Many multicellular
organisms stop growing once they reach adulthood, but mitosis does not stop. Some cells
die off as they reach the end of their life cycle and these dead cells are replaced. This
replacement of dead cells occurs through mitosis of the remaining living cells. Extensions
of this instructional segment might include discussions of stem cells that have not yet
differentiated and have the ability to become a variety of types of cells, leading to new
tissue and organ formation. Stem cells use in organ transplant is one way that scientists are
helping decrease rejection of transplanted organs by the recipient of the donated organ.

3. Resources are available to look at cancer rates and types. See http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link1, which has short
YouTube videos as well as the latest on cancer research. Make sure to use reputable government supported research sites.
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Stem cells can be used to generate signals for the recipient’s body so that their immune
system thinks that the organ belongs there.

Engineering Connection: Organ Donation
Students can learn about the role of engineering to meet critical medical needs to
solve another problem in organ donation: matching suitable donors with patients.
In addition to striking examples of engineering like magnetic resonance imaging
(MRI) and robotic surgery, some engineers also develop important processes such
as matching donors and patients by breaking down the problem into smaller, more
manageable problems. Students can consider the different aspects of the problem
of donor matching (e.g., awareness about the process by potential donors, rapid and
reliable genetic testing, etc.) and brainstorm and evaluate possible solutions to them.

Life Science/Biology Instructional Segment 3:
Organization for Matter and Energy Flow in Organisms
In the middle grades, students explained how energy and matter cycled into
and out of organisms (MS-LS1-6) and created a model describing how chemical reactions
deconstruct food molecules in organisms, rearrange them, and reconstruct them to make
biomass and obtain energy (MS-LS1-7). Now, they look at the chemical reactions in more
detail, modeling them as chemical equations and tracking the flow of energy and matter
within an organism.
LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 3:
ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS
Guiding Questions
• How do living things acquire energy and matter for life?
• How do organisms store energy?
• How are photosynthesis and cellular respiration connected?
• How do organisms use the raw materials they ingest from the environment?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS1-5. Use a model to illustrate how photosynthesis transforms light energy into stored
chemical energy. [Clarification Statement: Emphasis is on illustrating inputs and outputs of
matter and the transfer and transformation of energy in photosynthesis by plants and other
photosynthesizing organisms. Examples of models could include diagrams, chemical equations,
and conceptual models.] [Assessment Boundary: Assessment does not include specific
biochemical steps.]
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 3:
ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS
HS-LS1-6. Construct and revise an explanation based on evidence for how carbon, hydrogen,
and oxygen from sugar molecules may combine with other elements to form amino acids and/
or other large carbon-based molecules. [Clarification Statement: Emphasis is on using evidence
from models and simulations to support explanations.] [Assessment Boundary: Assessment does
not include the details of the specific chemical reactions or identification of macromolecules.]
HS-LS1-7. Use a model to illustrate that cellular respiration is a chemical process whereby the
bonds of food molecules and oxygen molecules are broken and the bonds in new compounds
are formed resulting in a net transfer of energy. [Clarification Statement: Emphasis is on the
conceptual understanding of the inputs and outputs of the process of cellular respiration.]
[Assessment Boundary: Assessment should not include identification of the steps or specific
processes involved in cellular respiration.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS1.C Organization for
Matter and Energy Flow in
Organisms

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.9–12.2.a–e, 5, 9; SL.11–12.5
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students can consider the phenomenon of a sealed glass sphere that supports the
survival and growth of both algae and brine shrimp (figure 8.2, left). How do they survive
without air flowing in? On a more advanced level, they can observe how the global
atmospheric CO2 concentrations on Earth follow a distinctive pattern [CCC-1] each year
(figure 8.2, right; caused by the fact that there is more land in the Northern Hemisphere
and therefore more respiration during the growing season of the Northern Hemisphere
summer). They should be able to explain and model each of these processes by the end of
this instructional segment.
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Figure 8.2. Phenomena Illustrating Relationship Between Photosynthesis and Respiration

A sealed sphere that supports survival of both brine shrimp and algae (left). CO2 levels are highest
in June each year and cycle annually (right). Source: Ecosphere Associates Inc. 2013 and National
Oceanic and Atmospheric Administration (NOAA) 2016

All living organisms need energy, and students traced the flow of energy in ecosystems
back to plants and the Sun in elementary school. Photosynthesis by producers involves two
interdependent cellular processes: capturing sunlight/light energy by chloroplasts and using
that energy to fix atmospheric carbon dioxide into a glucose molecule. Plants either use the
glucose directly or store energy by connecting glucose molecules together to form starch
(which is easier to store).
Heterotrophs (consumers or animals) ingest producers as food, which they use for
energy and building blocks for growth. Consumers often store energy in stacked glucose
molecules in the form of glycogen (in higher animals, glycogen is stored in liver and
muscle tissues). Both plants and animals use cellular respiration as the process by which
organic molecules are broken down to release energy and form molecules of adenosine
triphosphate (ATP). The process of cellular respiration uses up oxygen and releases carbon
dioxide. The ATP formed in cellular respiration has high levels of potential energy that
allow cells to do work; and, therefore, if there is no ATP then there is no life. The energy
from ATP is released when it is converted back into adenine diphosphate (ADP). Students
do not need to know the individual biochemical steps of these two processes but rather
need to understand the connections between them. Students will need to understand that
these processes happen so that organisms are able to make ATP, the molecular source or
“currency” of energy for the cell.
The products of photosynthesis are used as the reactants for cellular respiration and vice
versa. Students can create models [SEP-2] of these processes using chemical equations
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or pictorial models that emphasize the energy and matter [CCC-5] inputs and outputs
from each process (HS-LS1-5, HS-LS1-7; figure 8.3). Sometimes both processes occur in the
same organism, and sometimes the respiration occurs in a consumer after it has eaten the
producer. With each cycle of organisms eating or being eaten, there is less usable energy
available to the organism (a consequence of the second law of thermodynamics, HS-PS3-4).
In this way, ecosystems are constantly losing usable energy and therefore rely on the Sun to
provide a constant influx of energy.
Figure 8.3. Models of Photosynthesis and Respiration
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Examples of models showing how photosynthesis and respiration are mirrors of one another, involving
the same basic ingredients. Matter cycles within the Earth system between the two processes, but
energy must constantly flow in as sunlight to replace the energy put to work by organisms to grow
and survive. Diagrams by M. d’Alessio and V. Vandergon

Students can build a physical model [SEP-2] of a glucose molecule and show how
to split it up (with an emphasis on the components needed to build the glucose and the
components left after the breakdown of the glucose). They should start with the atoms of
carbon, hydrogen, and oxygen and make the simple molecules of CO2, H2O, and O2 and then
trace the movement of these molecules, much like they did in MS-LS1-7 but with added
detail about what happens at each stage in the process. For example, the carbon dioxide
and water are raw ingredients to photosynthesis and then are released as waste again in
cellular respiration. Because of CO2’s role in both processes, photosynthesis and respiration
are crucial parts of the global carbon cycle. Students can begin to explain the graph in
figure 8.2 and teachers can draw connections to Earth science disciplinary core ideas.
A detailed model of photosynthesis and respiration can include the unique chemical
properties of carbon. Carbon is structurally important to building all biological molecules
including the glucose molecule. What is so special about carbon? Due to its electron
structure and configuration, carbon can covalently bond to four other atoms and form single
2016 California Science Framework
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and double bonds with other atoms. The same raw materials can be recombined in different
configurations with different chemical potential energy, allowing carbon-based molecules
to store or release energy during these changes. Students should be able to use computer
simulations of this process to help them construct explanations about how organisms build a
wide range of organic molecules such as amino acids (HS-LS1-6).
Since photosynthesis and respiration are key aspects of the flow of matter and energy
[CCC-5] in ecosystems, students are now ready to extend their model of the molecular

scale processes to the scale of organisms in the next section of the course. Before they
do, they can revisit the images in figure 8.2 and explain [SEP-6] how photosynthesis and
respiration remain approximately balanced within these closed systems.

Ecosystems: Interactions, Energy and Dynamics
According to the Next Generation Science Standards:
The performance expectations in LS2: Ecosystems: Interactions, Energy,
and Dynamics help students formulate an answer to the questions, “How
and why do organisms interact with their environment, and what are the
effects of these interactions?” The LS2 Disciplinary Core Idea includes four
sub-ideas: Interdependent Relationships in Ecosystems, Cycles of Matter
and Energy Transfer in Ecosystems, Ecosystem Dynamics, Functioning,
and Resilience, and Social Interactions and Group Behavior. High school
students can use mathematical reasoning to demonstrate understanding of
fundamental concepts of carrying capacity, factors affecting biodiversity and
populations, and the cycling of matter and flow of energy among organisms
in an ecosystem. These mathematical models provide support for students’
conceptual understanding of systems and their ability to develop design
solutions for reducing the impact of human activities on the environment
and maintaining biodiversity. The crosscutting concepts of systems and
system models play a central role in students’ understanding of science and
engineering practices and core ideas of ecosystems. (NGSS Lead States 2013d)
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Life Science/Biology Instructional Segment 4:
Interdependent Relationships in Ecosystems
Conservation is getting nowhere because it is incompatible with our Abrahamic
concept of land. We abuse land because we regard it as a commodity
belonging to us. When we see land as a community to which we belong, we
may begin to use it with love and respect.
— Aldo Leopold, author, ecologist, and environmentalist

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 4:
INTERDEPENDENT RELATIONSHIPS IN ECOSYSTEMS
Guiding Questions
• How and why do populations change over time?
• How do populations change when their resources become scarce?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-1. Use mathematical and/or computational representations to support explanations of
factors that affect carrying capacity of ecosystems at different scales. [Clarification Statement:
Emphasis is on quantitative analysis and comparison of the relationships among interdependent
factors including boundaries, resources, climate, and competition. Examples of mathematical
comparisons could include graphs, charts, histograms, and population changes gathered from
simulations or historical data sets.] [Assessment Boundary: Assessment does not include
deriving mathematical equations to make comparisons.]
HS-LS2-2. Use mathematical representations to support and revise explanations based on
evidence about factors affecting biodiversity and populations in ecosystems of different scales.
[Clarification Statement: Examples of mathematical representations include finding the average,
determining trends, and using graphical comparisons of multiple sets of data.] [Assessment
Boundary: Assessment is limited to provided data.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-5] Using Mathematics
and Computational
Thinking

LS2.A: Interdependent
Relationships in Ecosystems

[CCC-3] Scale, Proportion, and
Quantity

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

[CCC-5] Energy and Matter:
Flows, Cycles, and Conservation
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 4:
INTERDEPENDENT RELATIONSHIPS IN ECOSYSTEMS
Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.7; WHST.11–12.2a–e, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

As Aldo Leopold implies, understanding the community as both biotic (living) and abiotic
(nonliving) gives insight into how ecosystems work and the importance of all aspects of an
ecosystem. In the middle grades, students defined populations and what affects changes
in environment have on those populations (MS-LS2-4). Students also developed a model
of how matter cycles and energy flows [CCC-5] through ecosystems (MS-LS2-5) and
interpreted data about populations when resources are limited (MS-LS-2-1). Now, they are
ready to quantify the relationship between resources and populations in ecosystems. Since
the biological definition of a population (a group of individuals from the same species living
together in the same geographical area at the same time), teachers should formatively
assess student knowledge about populations (perhaps describing some scenarios and asking
them how many separate populations they can identify).
Using mathematical modeling [SEP-2] , students can predict the effect certain
interdependent factors have on the size of a population over time. The number of individuals
within a population depends on birth rates, death rates, immigration, and emigration.
opulation growth rate is defined as the change in numbers of individuals ( N) divided by the
change over time ( t).

hile some populations grow very quickly, populations cannot continue

to grow exponentially forever. At some point they reach a maximum load that the environment
they live in can handle called the carrying capacity. Students can use computer simulations4
to conduct investigations [SEP-3] that test how different parameters change [CCC-7]
population sizes and then analyze their findings [SEP-4] (HS-LS2-1). Graphing their results,

4. There are many simulation/games available online that allow students to manipulate certain parameters that affect
populations, examples might be food resources or overcrowding
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they can describe the population changes mathematically [SEP-5] (HS-LS2-2). Initially
growth will be exponential, but students should be able to recognize the point on the graph
when competition for resources begins to dramatically impact the population size.
Students can use simulations to recognize two general types of factors that limit population
growth: density-dependent factors and density-independent factors. Many factors are density
dependent such as food resources, space, nesting sites, and water, meaning that the amount
of these resources required depends on the population size. Density-independent factors
alter the number of individuals in a population regardless of how many individuals already
exist. Weather pattern changes or catastrophic events (e.g., hurricanes, floods, landslides,
and volcanoes) are examples of density-independent factors. Addressing these two factors
can help students understand how proportion and quantity [CCC-3] are essential to
describing in density-dependent cases but not relevant in density-independent cases.
Many times, humans alter the availability of resources and change the landscape. For
example, if a new freeway divides a population’s territory in half and limits its migration,
how will this cause both density-dependent and density-independent changes to the
ecosystem? Human-induced changes to climate also cause changes. The Education and the
Environment Initiative (EEI) Curriculum Ecosystem Change in California, which focuses on
changes in a grassland ecosystem in the state, provides guidance teaching EP&Cs II and IV
as students obtain information about both the positive and negative ways humans influence
ecosystem resources. (http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link2).
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Life Science/Biology Instructional Segment 5:
Cycles of Matter and Energy Transfer in Ecosystems
In the middle grades, students used food webs to model the flow of energy
and matter in ecosystems (MS.LS1.C, LS2.A, and LS2.B). Now, they make quantitative
estimates of the flow of energy, trace the flow of carbon specifically, and explain the
differences between energy flow in aerobic (with oxygen) versus anaerobic (without
oxygen) environments. They build on their models of respiration from IS3 and ecosystem
interactions from IS4.

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 5:
CYCLES OF MATTER AND ENERGY TRANSFER IN ECOSYSTEMS
Guiding Questions
• Why is the cycling of matter and energy important?
• How are matter and energy linked in ecosystems?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-3. Construct and revise an explanation based on evidence for the cycling of matter
and flow of energy in aerobic and anaerobic conditions. [Clarification Statement: Emphasis
is on conceptual understanding of the role of aerobic and anaerobic respiration in different
environments.] [Assessment Boundary: Assessment does not include the specific chemical
processes of either aerobic or anaerobic respiration.]
HS-LS2-4. Use mathematical representations to support claims for the cycling of matter and
flow of energy among organisms in an ecosystem. [Clarification Statement: Emphasis is on
using a mathematical model of stored energy in biomass to describe the transfer of energy from
one trophic level to another and that matter and energy are conserved as matter cycles and
energy flows through ecosystems. Emphasis is on atoms and molecules such as carbon, oxygen,
hydrogen, and nitrogen being conserved as they move through an ecosystem.] [Assessment
Boundary: Assessment is limited to proportional reasoning to describe the cycling of matter and
flow of energy.]
HS-LS2-5. Develop a model to illustrate the role of photosynthesis and cellular respiration
in the cycling of carbon among the biosphere, atmosphere, hydrosphere, and geosphere.
[Clarification Statement: Examples of models could include simulations and mathematical
models.] [Assessment Boundary: Assessment does not include the specific chemical steps of
photosynthesis and respiration.]
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 5:
CYCLES OF MATTER AND ENERGY TRANSFER IN ECOSYSTEMS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

LS2.B: Cycles of Matter
and Energy Transfer in
Ecosystems

[CCC-4] Systems and
System Models

[SEP-5] Using Mathematical and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

PS3.D: Energy in Chemical
Processes

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, WHST.11–12.2a–e, 5
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Organisms store potential energy within the chemical bonds of the matter in their bodies.
As individual organisms grow and when populations have more members, more total energy
is stored. Biomass is the dry weight of all of the living organisms in an ecosystem and is
related to the amount of energy available for these organisms. As a general rule, when an
animal eats, it is only able to store about 10 percent of the energy from its food to build up
its own energy stores. The rest of the energy is lost due to inefficient digestive processes
or utilized in respiration to keep the animal alive long enough to eat again. As a result, each
higher trophic level ends up with available energy that is just 10 percent the size of the level
below it, creating a pyramid-like structure in population sizes with the lowest trophic levels
at the base of the pyramid.
Using the conceptual model [SEP-2] of this energy pyramid, students find that very
large populations of producers are required to support much smaller populations of tertiary
consumers for the ecosystem to remain stable [CCC-7] . This concept links to the laws
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of thermodynamics. Mathematical models [SEP-2] use this principle to predict the sizes
of populations given the sizes of populations at other trophic levels. Students can explore
many computer simulations and hands-on demonstrations so that they can support claims
about the relative amounts of energy in different trophic levels (HS-LS2-4).
Energy flows from abiotic (nonliving) forms to biotic (living) forms, starting with
sunlight or other light sources and inorganic compounds in producers and moving through
consumers and decomposers. Nutrients (matter) cycle in the same manner. They can exist
in forms that are largely abiotic such as carbon dioxide (CO2) and nitrogen (N2) and move
into living organisms (biotic) in a different form such as glucose (C6H12O6) or starch (many
joined glucoses) and nitrates (NO3-). The movement from abiotic to biotic molecular forms
involves living processes. For carbon (figure 8.4), these processes are photosynthesis and
cellular respiration (as in IS3). For nitrogen, “nitrogen-fixing” bacteria change nitrogen gas
into nitrates while bacterial decomposers change ammonia and nitrates back into nitrogen.
In some cases, abiotic processes can do a similar job. When a lightning bolt travels through
the atmosphere, its energy can break apart molecules of nitrogen in the air; free nitrogen
atoms bond with oxygen to create nitrate that gets carried to the soil by raindrops. Other
nutrients are involved in similar cycles (such as the phosphorous cycle as it relates to
DNA or the way climate change alters the calcium cycle by affecting hard-shelled marine
organisms), but the clarification statement for HS-LS2-4 emphasizes carbon, nitrogen,
oxygen, and hydrogen. Students can develop models [SEP-2] on paper, with technology,
using their body moving around the room to represent the flow through different processes,
or as a chemical model using organic chemistry molecule kits. The models show how simple
inorganic molecules are made into larger organic molecules and then how they cycle back to
the simple inorganic molecules.
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Figure 8.4. The Carbon Cycle includes Biotic and Abiotic Processes

Source: Encyclopædia Britannica 2008. Courtesy of Encyclopaedia Britannica, Inc., copyright 2008;
used with permission

With these models of nutrient cycles in mind, students can write an explanation [SEP-6]
of how the exchange of matter between the atmosphere and biosphere relates to the cycling
of energy in an ecosystem. Students can literally feel the effects of these exchanges in their
own bodies when they get a cramp during exercise or feel their muscles burn after a vigorous
workout. In these cases, their bodies do not get enough oxygen but still need energy to do
work. Students have evidence that a different chemical process must exist for respiration
that requires less air. They can perform investigations [SEP-3] varying the amount of
oxygen available to an organism such as yeast to see the effects on their productivity
and survival. Using their observations they can begin to develop their own models of the
differences between aerobic and anaerobic respiration (systems of chemical equations,
diagrams, etc.) and identify differences between the processes. They can refine these
models by evaluating models from textbooks or media. With this new understanding, they
can return to their original explanation about exchanges in the biosphere and atmosphere
and revise it to include the new information about anaerobic processes (HS-LS2-3).
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Engineering Connection:
Wastewater Treatment Facilities
When raw sewage flows into waterways, it can impact the health of both humans
and ecosystems (EP&Cs II, IV), which is why wastewater treatment facilities
are an important part of all California cities. Engineers have learned to put
biological processes to work to process human waste in wastewater treatment
facilities. Students can obtain information [SEP-8] about the different stages of
sewage treatment, some of which involve bacteria that rapidly decompose organic
waste. Students can make physical models [SEP-2] of this process by using sugars
to represent the organic waste, yeast to represent the waste-processing bacteria,
and glucose test strips to measure the concentration of simulated waste in the water.
Performing investigations using these models, students can develop techniques for
speeding up the wastewater treatment process. Is there an optimal amount of yeast to
add? Does the treatment process speed up or slow down when students add air or seal
the container? What techniques can they develop for efficiently adding air?

While carbon and nitrogen are essential nutrients, toxic material also cycles through the
ecosystem. Humans are major sources of disruptions to nutrient cycles, including adding
toxins. Students can obtain information [SEP-8] about how mercury accumulates in
certain fish species and learn about the impacts this can have on human health. Human
activities such as coal-powered plants have added significant amounts of mercury to the
environment (EP&Cs III and IV). Students will investigate more of these human disruptions
to ecosystems next in IS6.
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High School Three-Course Model Living Earth Snapshot 8.1:
How Did We Eradicate Diseases in the US?
Anchoring phenomenon: Tuberculosis used to kill millions of people but it is no
longer common.

Mr. H. introduced a historical case study about the different factors that
go into eradicating diseases. Even though students may not remember it,
most children admitted to school in California are tested for TB. Despite
this common practice, it’s likely that many students have never met anyone
who had TB and may not even know that it stands for tuberculosis. So why all the fuss
with TB tests? Mr. H told students that if he were teaching 200 years ago, the class would
have lived in fear of this disease. During the nineteenth century, TB caused as many as 20
percent of the deaths in some years. Today, fewer than 250 people in all of California die
of the disease in an average year (California Department of Public Health 2015). How did
society accomplish this change?
Mr. H divided the class into two groups that obtain and evaluate information [SEP-8]
from different articles that introduce historical case studies of two major scientific
innovations: (1) the origin of modern germ theory, including the discovery of tuberculosis
bacteria by R. Koch in 1882; and (2) the application of science practices to randomized
controlled drug trials, including the very first large-scale trial which tested an antibiotic to
combat tuberculosis. Each group answered focus questions about the nature of science
and core ideas about disease transmission. What effect did each of these innovations have
on tuberculosis death rates?
Investigative phenomenon: The death rate from tuberculosis dropped several
times during the last 200 years.

Mr. H provided each group with a graph (figure 8.5) showing how death rates changed
around the time of the events described in their article. Students analyzed the graphs
[SEP-4] , identifying trends [CCC-1] and looking for evidence of possible cause and
effect relationships [CCC-2] between events labeled on the graph and changes in the
death rate. Students reorganized in jigsaw style—two students from the group that
discussed Koch’s investigation communicated [SEP-8] their findings to two students
that discussed the antibiotic trial (and then they switched). Students had to present
an argument [SEP-7] about whether or not their group’s innovation led to a significant
decline in TB-related death rates (using their group’s graph as evidence). Students
realized that there was evidence that both sets of innovations may have helped, but also
that rapid declines in death rates seem to happen even before some of the major events.
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High School Three-Course Model Living Earth Snapshot 8.1:
How Did We Eradicate Diseases in the US?
Figure 8.5: Two Graphs of the Decline of Tuberculosis

Charts by M. d’Alessio with data from Antunes and Waldman 1999; United States Census
Bureau 1975; Official Statistics of Finland 2010; Public Health England n.d.; Gallant,
Ogunnaike-Cooke, and McGuire 2014; Wikipedia 2016
Mr. H wanted his high school students to move beyond the simple understanding
of linear cause and effect relationships [CCC-2] from elementary school. According to
the progression of CCCs in appendix 1 of this framework, high school students should
recognize that changes in systems may have various causes that may not have equal
effects. This is especially true when it comes to the health revolution that eradicated so
many diseases like TB (Aiello, Larson, and Sedlak 2007). Innovations in medicine (drawn
directly from scientific discoveries) influenced cultural norms for sanitation (such as hand
washing) and led to changes in public policy and land use. These innovations occurred
within the context of new technologies such as water filtration and sewage treatment
that enhanced the standard of living in the United States and other western countries.
Students watched a short video highlighting some of these key advances that dramatically
increased life expectancy. Monitoring efforts, including the TB tests taken by most
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High School Three-Course Model Living Earth Snapshot 8.1:
How Did We Eradicate Diseases in the US?
California students, are part of this process. No individual factor is the singular cause of
this health revolution. Mr. H led a whole-class discussion during which they generated a
collaborative concept map representing society as a system [CCC-4] in which changes to
different components result in the revolutionary overall system behavior where infectious
disease no longer dominates our lives and deaths.

Life Science/Biology Instructional Segment 6:
Ecosystem Dynamics, Functioning, and Resilience
In the middle grades, students constructed arguments that change, either physical
or biological, to an ecosystem can lead to a change in populations living in that ecosystem
(MS-LS2-4). Now, students must accomplish a nearly identical performance expectation but
at a higher level that involves more sophisticated ecosystem interactions and more detailed
evidence (HS-LS2-6). As in the middle grades (MS-LS2-5), students must complete a design
challenge to maintain biodiversity but must now refine their solutions (not just evaluate them)
and focus specifically on human-induced changes to ecosystems (HS-LS2-7).

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 6:
ECOSYSTEM DYNAMICS, FUNCTIONING, AND RESILIENCE
Guiding Questions
• What types of interactions cause changes in ecosystems that ultimately affect populations?
• To what extent can humans “undo” their negative impact on the environment?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-6. Evaluate the claims, evidence, and reasoning that the complex interactions in
ecosystems maintain relatively consistent numbers and types of organisms in stable conditions, but
changing conditions may result in a new ecosystem. [Clarification Statement: Examples of changes
in ecosystem conditions could include modest biological or physical changes, such as moderate
hunting or a seasonal flood; and extreme changes, such as volcanic eruption or sea level rise.]
HS-LS2-7. Design, evaluate, and refine a solution for reducing the impacts of human activities
on the environment and biodiversity.* [Clarification Statement: Examples of human activities can
include urbanization, building dams, and dissemination of invasive species.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 6:
ECOSYSTEM DYNAMICS, FUNCTIONING, AND RESILIENCE
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

[CCC-7] Stability and
Change

[SEP-7] Engaging in
Argument from Evidence

ETS1.B: Developing Possible
Solutions

LS4.D: Biodiversity and
Humans

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: N-Q.1–3; S-ID.1; S-IC.1, 6; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.9–10.8, RST.11–12.7, 8; WHST.11–12.7
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students investigate complicated interactions in ecosystems to determine how the
interactions affect populations, in particular noting how these interactions change [CCC-7]
when one component of the ecosystem changes. If a change results in competition for
resources, food, or shelter, then the impact on population size will be density dependent. For
example, if the population is large and there is very little food, then some of that population
will not survive. The members of the population that are more fit will out-compete less
fit members for resources, and this competition can damage ecosystems if the more fit
members deplete or eliminate the resource. The depletion of a resource can make it difficult
for the ecosystem to recover to its original state, and the ecosystem may be permanently
transformed. Students can observe these changes through data-rich case studies and
through computer simulations. Once they have developed conceptual models of ecosystem
changes, they should be able to evaluate different claims [SEP-7] about the impacts of a
new, hypothetical change (HS-LS2-6).
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Many human-induced changes in ecosystems have unintended consequences, meaning
humans did something to an ecosystem for one reason without realizing that there would be
changes to other components of the ecosystem. For example, humans clear-cut the tropical
rainforests to provide more land for farming. When this happens, they disrupt the cycle of
matter in the forest; the soil becomes infertile and is unable to sustain farming for long.
Students can learn about some of these changes within California by obtaining information
about different habitat zones in the state and the pressures facing each of them (EP&Cs
III & IV) (see EEI Curriculum, Biodiversity: The Keystone to Life on Earth http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link3.) Students can track changes in land use or observe changes in
plant productivity after major environmental changes using freely available LandSat imagery.
Teachers can download LandSat data directly from http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link4 or use Google’s free EarthEngine at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link5,
which has a wide range of LandSat data preloaded and easy to explore. Students can even
engage in citizen science activities to “adopt a pixel” of LandSat imagery to document the
changes happening around them (see http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link6).

Engineering Connection
Within ecosystem science, some aspects of conservation biology are a form of
engineering that focuses on developing processes that save endangered and
threatened species (both animal and plant species). Conservation biologists help
preserve these species by (1) supporting the use of wildlife corridors, which link
large areas of land to other large areas so animals can migrate safely; (2) developing
breeding programs for protecting endangered species; (3) identifying specific hotspots
of species-rich regions worthy of extra protection and determining plans that provide
sufficient protection; (4) arguing for the maintenance of larger environment regions
instead of habitat fragmentation; (5) observing genetic diversity in small populations;
and (6) monitoring the effects of climate change on all ecosystems. Students can
investigate one specific environmental change that threatens biodiversity and propose
a solution [SEP-6] . As they obtain more information [SEP-8] , including the needs of
people as well as plants and other animals, they refine their solution (EP&C V; HS-LS2-7).
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Life Science/Biology Instructional Segment 7:
Social Interactions and Group Behaviors
Students have been developing a model of how group behavior helps organisms
survive starting as far back as kindergarten when they looked at animal families. Now, they
evaluate many competing arguments about how group behavior actually enables animals to
survive, which may be driven by different factors in different situations.

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 7:
SOCIAL INTERACTIONS AND GROUP BEHAVIOR
Guiding Questions
• How do populations ensure that their gene pool gets passed on?
• What affects a population’s chance of survival?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-8. Evaluate the evidence for the role of group behavior on individual and species’
chances to survive and reproduce. [Clarification Statement: Emphasis is on (1) distinguishing
between group and individual behavior, (2) identifying evidence supporting the outcomes of
group behavior, and (3) developing logical and reasonable arguments based on evidence.
Examples of group behaviors could include flocking, schooling, herding, and cooperative
behaviors such as hunting, migrating, and swarming.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-7] Engaging in
Argument from Evidence

LS2.D: Social Interactions
and Group Behavior

[CCC-2] Cause and Effect:
Mechanism and Explanation

CA CCSS for ELA/Literacy Connections: RST.9–10.8; RST.11–12.1, 7, 8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Some animals are completely solitary while others group together in flocks or herds with
thousands of individuals. What are the advantages and disadvantages of each? Students
obtain information about multiple group and cooperative behaviors in the animal kingdom.
They might watch video clips of humpback whales trying to protect a grey whale calf from
a pod of killer whales. What motivates them to put their own lives on the line to protect a
calf from another species? How does this exceptional case relate to other more commonly
observed group behaviors?
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Students will look closely at the behaviors of populations to assess their impact on
survivability. For a population to succeed and not become a genetic dead end, the gene
pool (the set of all the different genes) of the population must be passed on to the
next generation. Producing a new generation of healthy offspring capable of successful
reproduction is important for a population’s survival.
Viable individuals within populations have the ability to better compete for resources
such as food and protected living spaces. Though they still may not have ample food or
safety, they have some food and safety and are able to reproduce and pass on their alleles.
Individuals within some populations rally around the young to help in raising and protecting
them. It is important that some of the members of the population reproduce but not all need
to as long as others help “raise” the young and keep the gene pool going. These individuals
are known as altruistic. This type of behavior is seen in bees and ants working in colonies
and other animals in herds, flocks, and schools surrounding their young to protect them from
predators. This is even seen in human populations where extended family (family members
who are biologically related) help raise the young. There may be a kin selection process
occurring with these examples where the more genetically related an individual is to the
offspring the more likely the individual will “help” (perhaps driven by the instinct to enable
some of its genetic code to persist). Or, it may be that group selection does not require
an actual kinship relationship but instead involves other factors. The actual mechanism
that promotes altruism is debated but is definitely based on a cost-to-benefit ratio where
the individual ultimately receives some direct or indirect benefit for its effort. Altruism is
seen mostly in species that live in social population groups, but there are definitely many
populations that are not altruistic. Regardless of the theoretical basis for altruism, students
can directly observe populations working together (having an ant colony in the classroom
or watching videos that demonstrate the hunting and herding behaviors in animals) to
gather evidence [SEP-7] that organisms within a population work together so that they
survive and reproduce. Students then use the evidence to write or present an argument
[SEP-7] that altruistic behavior is an important part of survival for some populations.
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Life Science/Biology Snapshot 8.2:
Does Living as a Group or Individual Help You Survive?
Anchoring phenomenon: Prairie dogs squeak and communicate to one another
as they work together to fight off a snake that intrudes into their colony.

Mr. T started class showing a short video clip on prairie dogs and how they
sound alarms to protect their family units against snakes (for example,
NatGeoWild, Prairie Dog Snake Alarm: http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link7). He then asked the students to do a quickwrite on what behavior
the prairie dogs used to protect themselves and how that behavior helped their family.
Later, the students played a game that was actually a physical model [SEP-2] of
individual and group behavior. Students used their bodies to represent components in
a system [CCC-4] with a predator-prey relationship. He needed an even number of
students as prey; since Mr. T had 30 students, he designated two students to act as
predators, leaving 28 students to act as prey. Mr. T randomly handed each prey a white
index card that had a color code on it, with each color representing a different genotype.
Mr. T set up the cards ahead of time so that there were four cards for each color (i.e., four
blue cards, four yellow cards, four green cards, four red cards, etc.).
For the first round (prey living as individuals) the predators and prey did not have
knowledge about the individual’s genetics (in other words they did not know who was
genetically related to whom). Mr. T instructed the 28 prey to randomly wander around
the open area and after one minute he signaled the predators to attack. The predators
then tagged a prey. That individual stepped out of the group and the rest of the students
continued wandering; again Mr. T signaled for attack and again each predator tagged
an individual who dropped out of the group. After seven attacks, half the prey (14
individuals) had been tagged. At that point, a recorder tallied all the colors left on a
shared class spreadsheet showing how many of each genotype survived (for example, 0
blue, one yellow, etc.).
Next Mr. T assigned two different students to act as predators and told them to go sit
in the corner and hide their eyes while he redistributed the index cards to the remaining
28 students who were again the prey. This time he told the prey students to quietly
(so the predators don’t know) find the other students who shared their color. These
four students had the same genotypes and represented a kin group. The second round
(altruistic prey in groups) began. Since Mr. T had a big open area, he blindfolded the
predators. This was so they would not know about genotypes and relatives within the prey
groups. The group units now randomly wandered in the space and again Mr. T signaled
the predators to attack. Each kin group could surround an individual so that when they
were tagged the individual prey was saved and did not get eliminated. Each genotype/
color group received only one save in this round, after that save had been used, anyone
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Life Science/Biology Snapshot 8.2:
Does Living as a Group or Individual Help You Survive?
in the group who was tagged again, was eliminated. This rule is designed to simulate
the cost to benefit ratio of altruism. Saving a member of your group incurs an individual
cost because it means your group will not be able to save you during the next attack.
The benefit is that the group to which you belong is more likely to survive as a whole.
The game continued for a total of seven attacks. This time there were fewer than 14
individuals eliminated because some individuals were saved by the herding effect of
their group. Then a recorder used the shared class spreadsheet to tally the number of
individuals left in each color group.
Mr. T reassigned the roles of each student (picking new predators and shuffling the
genotype cards) to prevent learning by predators. The class enacted each scenario one
more time.
After the class completed the four rounds of the game, Mr. T had the students look at
the whole class data that had been recorded. He defined the terms individual fitness (your
ability to pass on your genes) and inclusive fitness (your individual fitness plus indirect
fitness when you belong to a group that herds to save individuals). Mr. T then asked the
students to use these terms to describe the similarities and differences they saw between
the two scenarios and explain [SEP-6] how inclusive behavior (group behavior) could be
advantageous for some populations (HS-LS2-8). Mr. T wanted the students to specifically
address what the action of saving an individual meant in the altruistic group scenario.
Students were expected to use examples of animals that they knew that used inclusive
fitness behaviors. The students talked about the prairie dogs (as in the video), dolphin
pods, rabbit colonies, bird flocks, monkey troops, and other social, family, or group
behavior. Mr. T ended class with a video clip showing how water buffalo work as a group
to counter-attack lions that have surrounded an individual water buffalo (for example,
NatGeoWild, Buffalo Herd Counter Attack: http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link8).
What was the individual fitness of the animal being attacked? How does its fitness change
because of the behavior of the group?
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Heredity: Inheritance and Variation of Traits
Life Science/Biology Instructional Segment 8:
Inheritance of Traits
The performance expectations in LS3: Heredity: Inheritance and Variation
of Traits help students formulate answers to the questions: “How are
characteristics of one generation passed to the next? How can individuals
of the same species and even siblings have different characteristics?” The
LS3 Disciplinary Core Idea from the NRC Framework includes two sub-ideas:
Inheritance of Traits and Variation of Traits. Students are able to ask questions,
make and defend a claim, and use concepts of probability to explain the
genetic variation in a population. Students demonstrate understanding of why
individuals of the same species vary in how they look, function, and behave.
Students can explain the mechanisms of genetic inheritance and describe the
environmental and genetic causes of gene mutation and the alteration of gene
expression. Crosscutting concepts of patterns and cause and effect are called
out as organizing concepts for these core ideas. (NGSS Lead States 2013e)

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 8:
INHERITANCE OF TRAITS
Guiding Questions
• How are characteristics of one generation passed to the next?
• What allows traits to be transmitted from parents to offspring??
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS3-1. Ask questions to clarify relationships about the role of DNA and chromosomes in
coding the instructions for characteristic traits passed from parents to offspring. [Assessment
Boundary: Assessment does not include the phases of meiosis or the biochemical mechanism of
specific steps in the process.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
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Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems

LS1.A: Structure and Function

[CCC-2] Cause and Effect:
Mechanism and Explanation

LS3.A: Inheritance of Traits
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 8:
INHERITANCE OF TRAITS
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

In IS1, students built upon their model of genetics from the middle grades to model
the physical mechanisms by which organisms use their genetic codes to produce cells with
specific functions. Now, they return to DNA in more detail to ask specific questions about
how DNA enables organisms to pass on their genetic codes to their offspring.
One way to help students meet HS-LS3-1 and better appreciate the nature of science
is through a historical approach. Students obtain information about the study of DNA,
learning about what scientists knew, what questions they asked, and how they designed
investigations to answer those questions. Discussing the scientists themselves shows
that science is a human endeavor. The historical approach also illustrates how ideas have
unfolded over time, showing that scientific knowledge is open to revision in light of new
evidence. See chapter 11 on instructional strategies for specific advice about teaching
science through historical case studies.
At the turn of the twentieth century, Mendel’s conclusions about inheritance were
accepted, and it was understood that chromosomes were passed from generation to
generation in all living organisms. It was also known that chromosomes were composed
of DNA and proteins. What was not clear for scientists in the early 1900s was how these
chromosomes could provide the codes for all the phenotypes present in an organism. Was it
the proteins or the DNA that were important? As scientists grappled with this, they began to
ask more focused questions on what exactly was directing the translation of proteins. One
such scientist was Frederick Griffith, who was trying to find a cure for pneumonia and was
using mouse models to address specific questions about how mice contracted pneumonia. He
found that he could inject strains of bacteria into mice and transform strains of nonpathogenic
bacteria into pathogen-causing bacteria. The full experiment might be demonstrated by a
slide presentation showing the first part of Griffith's experiment on one slide while asking
students to predict the outcomes. Then show the outcomes on the next slide, continuing
this pattern with the next set of experiments as students predict the outcomes. Students
can deduce the control and variables Griffith used in his original work. The conclusion of his
work was that some agent “transformed” the non-pathogen-causing strains into pathogencausing strains of bacteria and the mice developed pneumonia.
2016 California Science Framework
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The next question was What was that “transforming agent”? Avery, MacLeod, McCarty
attempted to answer that question. They discovered that DNA was the transforming agent,
which they concluded after testing individual components of the bacteria cell in a cellculture system. However, scientists were not entirely convinced; therefore, Alfred Hershey
and Martha Chase radioactively labeled parts of viruses and provided even more evidence
that DNA was being transported into hosts’ cells and transforming those host cells into
virus-making machines. It was also around this time that Erwin Chargaff and his students
who, while working on isolating nucleotides from different organisms, noticed that adenine
and thymine were always in equal amount to each other as were guanine and cytosine.
They also noticed that the total amount of adenine and thymine was not equal to the total
amount of guanine and cytosine. A final piece of the puzzle was the X-ray photograph
of DNA that Rosalind Franklin generated that showed the regular pattern and the helix
formation of the molecule. These experiments, along with other evidence gathered during
this time, led to the building of the model [SEP-2] of DNA by Watson and Crick.
Building physical models [SEP-2] can help explain data and observations (for Watson
and Crick, it helped them merge together all that they had learned from others) and also
that models can help predict new possibilities (Watson and Crick's model helped others think
about how DNA replicates), but models also have limitations. For example, Watson and
Crick’s model could not show how the code determined amino acid order. Having students
build this model can help them make the connections that Watson and Crick made with the
data produced from theirs and others’ experiments. Students can also begin to see what
happens if a component of the model changes. What happens if you switch a thymine with
an adenine? Students should see that having an A nucleotide across from an A nucleotide
alters the structure, which can help them make predictions about the effect of mutations.
Students can improve their ability to obtain information [SEP-8] from scientific journals
by reading an annotated version of Watson and Crick’s original paper. Even though it is only
two pages long, it has profoundly influenced the direction of the science of genetics and
molecular biology.
Much of the work done in the first half of the twentieth century looked at the effect
mutations had on phenotypes. If a genetic disease resulted, it gave the geneticists evidence
of the function of that gene, though they could not “see” the genotype (see IS1). In the
latter half of the twentieth century and into the twenty-first century, techniques and tools
have improved so that scientists can actually test how specific changes in a gene sequence
alter phenotypes (see IS9). Technology has also enabled scientists to map out entire
genomes of a large variety of organisms, and large online databases exist that students can
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browse freely (see National Center for Biotechnology Information at http://www.cde.ca.gov/
ci/sc/cf/ch8.asp#link9). Students can select a specific region of DNA and create models
[SEP-2] of different levels that mirror the different steps of how DNA is used in organisms,

such as a word code that transcribes into a physical code (colored building blocks) that then
is ordered into a structure (for example, a building or a bridge). This modeling process can
help students grasp how cells go from a written code to protein.
Once scientists started mapping out entire genomes, they realized that the simple
relationships between DNA sequences and phenotypes were more complicated than
originally thought. Genomes contain far fewer gene sequences than scientists originally
thought and many phenotypes are the result of more than one gene. Students can look
at phenotype studies and ask questions [SEP-1] regarding what changes in DNA result
in changes in phenotypes of humans (or other living organisms) and the effect of DNA
changes on individuals. Students can go to National Center for Biotechnology Information
at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link10 and link to case studies done in humans
by looking at the Online Mendelian Inheritance in Man (OMIM) link or they can expand the
exercise and look at other animals or plants.
Students can return to the concept of organ and tissue donation from IS1 by obtaining
information [SEP-8] about how doctors use genotypes to find successful matches for

people who need new organs or tissue. The success of these transplants is much higher
when the doctors can find a genotype match for certain traits (for additional information visit
Organdonor.gov (http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link11). Which genes are most
important for identifying the right match? What other traits are influenced by those genes?
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Life Science/Biology Instructional Segment 9:
Variation of Traits
This instructional segment melds classic Mendelian genetics with molecular genetics. Students have documented variations in the traits of populations in the middle grades,
and now they explain the mechanisms by which these variations arise. They look in detail at
both variations caused by new genetic combinations during meiosis and variations caused by
mutations from different sources.

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 9:
VARIATION OF TRAITS
Guiding Questions
• How do genes determine traits?
• What is the chance of a trait being passed from one generation to another?
• What happens if there is a mutation in a gene?
• What contributes to phenotypes?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS3-2. Make and defend a claim based on evidence that inheritable genetic variations may
result from: (1) new genetic combinations through meiosis, (2) viable errors occurring during
replication, and/or (3) mutations caused by environmental factors. [Clarification Statement:
Emphasis is on using data to support arguments for the way variation occurs.] [Assessment
Boundary: Assessment does not include the phases of meiosis or the biochemical mechanism of
specific steps in the process.]
HS-LS3-3. Apply concepts of statistics and probability to explain the variation and distribution of
expressed traits in a population. [Clarification Statement: Emphasis is on the use of mathematics to
describe the probability of traits as it relates to genetic and environmental factors in the expression
of traits.] [Assessment Boundary: Assessment does not include Hardy-Weinberg calculations.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted Crosscutting
Concepts

[SEP-4] Analyzing and
Interpreting Data

LS3.B: Variation of Traits

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-7] Engaging in Argument
from Evidence
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 9:
VARIATION OF TRAITS
Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: MP.2
CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.11–12.1.a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students can begin by obtaining information [SEP-8] about a range of genetic
diseases (see National Human Genome Research Initiative, “Specific Genetic Disorders” at
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link12). Students might read that about 1 in 12
African Americans has sickle cell disease that is inherited within families while skin cancer,
which has a clear environmental trigger, can be more common in people with a specific
gene on chromosome 9. A much more rare disease resulting in Turner syndrome cannot be
inherited specifically because it leads to infertility in women. What determines who ends up
with these diseases and who does not? To answer these fundamental questions, students
must extend their model of inheritance to explain the source of all genetic variation.
Variation is the result of mutation and recombination events that happen at the genetic
level. Students can apply a physical model [SEP-2] of chromosomes (such as clay or pipe
cleaners) to visualize and provide evidence [SEP-7] about how variation happens. With
this model, students can demonstrate how pairs of chromosomes physically exchange parts
to create new combinations of sequences (one method of variation) and can show that the
random line up of the chromosome pairs during meiosis results in different arrangements
of chromosomes during sexual reproduction (another method of variation). Students can
also use Punnett squares as a model that illustrates how variation can arise from the mating
of two biological parents. Analyzing [SEP-4] the quantity and proportion [CCC-3] of
possible outcomes helps explain the variation we see in individuals even between siblings
who have the same biological parents.
Linking back to IS1, mutations in DNA can result in a change in genotype. Some
mutations result in viable cells and can produce new genes that are then inherited by the
next generation, others result in cell death, and still others in uncontrolled replication that
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leads to cancerous tumors. Sometimes, the traits caused by mutations result in a viable
cell that somehow lacks certain functionality, and we refer to these mutations as genetic
diseases. A single nucleotide change in the gene sequence for hemoglobin results in sickle
cell anemia. A similar mutation in the gene that leads to formation of proteins that build
a channel for movement of particles into and out of cells produces the condition known
as cystic fibrosis (though it should be noted that there can be several single changes that
result in the cystic fibrosis phenotype). Errors copying the X chromosome can lead to Turner
syndrome. Students should be able to use evidence from these genetic diseases to construct
an argument that variations are caused by genetic code that is inherited or altered either
during DNA replication or by environmental factors (HS-LS3-2). Students should also be able
to relate this argument not only to genetic disease but also to any variation in traits.
Other mutations can actually make it harder for diseases to affect humans. Students
could obtain information [SEP-8] about how a mutation in the gene that creates the
protein CCR5 can delay or prevent acquired immune deficiency syndrome (AIDS) symptoms
in people infected with the human immunodeficiency virus (HIV). They develop a model
[SEP-2] of how viruses enter cells by matching protein receptors. Viruses like HIV, bubonic

plague, and smallpox cannot enter the cell in people that lack the CCR5 protein receptor.
Does this mutation provide clues to create an HIV treatment or vaccine? Students can
also analyze data [SEP-4] from maps showing how common this mutation is in different
parts of the world and ask questions [SEP-1] about why this mutation became so
prevalent in Northern European countries.
Once students understand how variation can occur, they can predict what combinations
are possible in offspring. Punnett squares are a simple and common model used to predict
traits, but they are cumbersome to use for predicting multiple traits. For example, predicting
the outcome of a tri-hybrid cross requires a cumbersome eight-by-eight Punnett square.
Instead, students can use statistical tools that include the product and sum rules of
probabilities (CA CCSSM S.CP.7–8). Pedigrees are another model used to look at patterns
of inheritance across generations. Students can evaluate possible genetic combinations and
predict the chance of traits appearing in individual offspring. Students can use interactive
computer simulations to create phenotypes of an organism by looking at combinations of
genotypes and again predict what combinations are plausible. Students should be able to
use information from genetics and their ability to calculate probabilities of different traits to
explain the distribution of particular traits within a population (HS-LS3-3).
While genetics dictates many aspects of variation, environment also affects phenotype
expression. Some environmental components can affect the phenotype without a change
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in genotype. In humans, nutrition is an environmental component that affects height or
muscle formation. Just because an individual possesses the genotype to be tall or strong
does not mean he or she will reach full genetic potential. Failure to meet genetic potential
does not affect how genes are inherited, so malnourished parents can give birth to
offspring that end up being much taller than their parents. Using statistics ( mathematical
thinking [SEP-5] ), students can analyze [SEP-4] the frequency or distribution of traits

observed in a population and then compare it to the probability of certain traits occurring
based on genetics alone. If students identify a mismatch, they should be able to construct
an argument [SEP-7] that environmental factors have affected phenotypes.

Biological Evolution: Unity and Diversity
According to the Next Generation Science Standards:
The performance expectations in LS4: Biological Evolution: Unity and
Diversity help students formulate an answer to the question, What evidence
shows that different species are related? The LS4 Disciplinary Core Idea
involves four sub-ideas: Evidence of Common Ancestry and Diversity, Natural
Selection, Adaptation, and Biodiversity and Humans. Students can construct
explanations [SEP-6] for the processes of natural selection and evolution

and communicate [SEP-8] how multiple lines of evidence support these
explanations. Students can evaluate evidence [SEP-8] of the conditions
that may result in new species and understand the role of genetic variation in
natural selection. Additionally, students can apply concepts of probability to
explain trends in populations as those trends relate to advantageous heritable
traits in a specific environment. The crosscutting concepts of cause and effect
[CCC-2] and systems and system models [CCC-4] play an important role in

students’ understanding of the evolution of life on Earth. (NGSS Lead States
2013e)

Life Science/Biology Instructional Segment 10:
Evidence of Common Ancestry and Diversity
Evolutionary scientist Theodor Dobzhansky made the now-famous quote,
“Nothing in Biology makes sense except in the light of evolution.” This course has been
slowly building to the concept of evolution as students have investigated inheritance, natural
selection, and ecosystem changes. Now, they bring these ideas together to construct an
evidence-based account of how evolution occurs.
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 10:
EVIDENCE OF COMMON ANCESTRY AND DIVERSITY
Guiding Questions
• What evidence shows that different species are related?
• How did modern-day humans evolve?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS4-1. Communicate scientific information that common ancestry and biological evolution
are supported by multiple lines of empirical evidence. [Clarification Statement: Emphasis is on
a conceptual understanding of the role each line of evidence has relating to common ancestry
and biological evolution. Examples of evidence could include similarities in DNA sequences,
anatomical structures, and order of appearance of structures in embryological development.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-8] Obtaining, Evaluating,
and Communicating Information

LS4.A: Evidence of Common
Ancestry and Diversity

[CCC-1] Patterns

CA CCSS Math Connections: MP.2
CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.11–12.2, 9.a–e; SL.11–12.4
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Despite the fact that different organisms on Earth are so diverse, striking similarities
provide evidence of common ancestry. From IS1, all organisms use the same basic DNA
code. From IS3, organisms as different as plants and humans have surprising similarity
in their metabolic processes (including the specific biochemical molecules they use). In
this instructional segment, students build upon their background knowledge from the
middle grades and earlier in this course to clearly communicate the lines of evidence that
organisms have evolved over time from a common ancestor.
Students can begin by collecting examples of evidence supporting evolution that they
learned about in the middle grades: patterns in fossils (MS-LS4-1), anatomical similarities
(MS-LS4-2), and embryological similarities (MS-LS4-3). In each case, they can make the
evidence more in depth. The goal for high school is to understand these concepts well
enough to communicate these lines of evidence effectively. To help students meet HS-LS4-1,
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curriculum can focus on the SEP of communicating information [SEP-8] , which includes
writing, oral presentations, and especially visual displays (e.g., diagrams, charts, annotated
photos). Students can compare multiple depictions and evaluate [SEP-8] which ones
illustrate the common ancestry most effectively. What are the elements of an effective
communications product?
The fossil record provides much of the evidence to support evolution because it includes
transitional life forms as well as organisms that no longer exist. Many life forms alive today
(including humans) are not found very far back in the fossil record, implying that they are
newer and have evolved from other species. Effective communication of this evidence shows
progressions of species and identifies where species appear or disappear in the fossil record.
Looking at structures that are homologous (features that originate from the same
structure within a common ancestor) and analogous (features that arise because two
species use a similar structure to accomplish the same function) also provides evidence of
how, over time, parts of organisms have changed in both structure and function [CCC-6] .
Effective communication of this evidence shows comparisons of structures side-by-side and
highlights the similarities.
Students can look at a variety of skeletons of vertebrates from the major classes and
identify patterns [CCC-1] , noting that all these animals share the same basic skeletal
structure noting only small variations such as the placement and usage of forelimbs or
hind limbs. For example, a dog foreleg, human arm, and seal forelimb are all fore limbs
of mammals (homologous) but serve very different functions (so they are not analogous).
On the other hand, a dog and a horse have homologous forelimbs that they both use to
walk (making them also analogous). Students should be able to construct arguments
[SEP-7] that two organisms share a common ancestor using homologous structures as

evidence. Similarly, they should use the observation that homologous structures are used
in diverse ways as evidence that natural selection accentuates certain favorable traits over
generations, leading to a gradual evolution.
Are all analogous structures caused by genetic similarity and common ancestry? In high
school, students develop a nuanced understanding of cause and effect [CCC-2] in which
they evaluate evidence to determine which cause (or causes) most likely explains a given
observation. For example, penguins and dolphins both have streamlined bodies that allow
them to swim in the water. This feature is not the result of common ancestry, but rather an
example of convergent evolution. Both these organisms independently evolved their body
shapes from separate ancestors. Students can identify examples from the plant kingdom as
well. The modified leaves in a Venus flytrap and pitcher plant demonstrate a homologous
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trait used to help the plants catch insects (all of these plants share a common ancestor).
Thorns and spines, however, are a common analogous trait, which evolved in a wide range
of plants through convergent evolution, which protects plants from herbivores. As students
develop arguments that two organisms share common ancestry, they need to consider
whether to present evidence of homology, analogy, both, or neither.
Because of the changes in organisms over time, some organs/structures no longer
have a use in the modern-day organism, but there is evidence that the structure was once
functional in the ancestor; these traits are now called vestigial organs/structures. Some
classic examples of vestigial organs/structures are the remnants of hipbones in snakes and
whales and the remainder of the tip of a tailbone (the coccyx) in humans.

Opportunities for ELA/ELD Connections
Students should be able to communicate [SEP-8] evidence both graphically and in writing. Students can design Venn diagrams or tables to communicate commonalities and
differences. They can use diagrams and sequences of pictures or photos to illustrate
commonalities in DNA, RNA, ribosomes, ATP, macromolecules, ability to use energy,
cell division, and so on.
CA CCSS for ELA/Literacy Standards: WHST.9–12.4: RST.9–12.7
CA ELD Standards: ELD.PI. 9–12.2, 6

Evolution itself is not a linear process but rather a branching process in which some
members of populations of an historical species changed and branched off into two new
descendant species from a common ancestor (see IS12). These descendent species
underwent more changes and could have possibly branched again and again over geological
time. Visual depictions of this tree of life (figure 8.6) summarize our understanding of how
life evolved from single-cell organisms to the modern-day species we see on earth today.
The tips of the tree represent these modern-day species. These trees were developed
using studies of fossils and have been refined using investigations of the similarities and
differences in DNA. What makes these diagrams effective at communicating evolutionary
history? How can they be improved?
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Figure 8.6. Tree of Life

A tree diagram showing the relationship of all living species on Earth. All branches relate to the
common ancestor at the base, which diverged into three main branches: bacteria; microbes known
as Archaea; and a group of multicellular organisms called Eukarya, which includes humans. Longer
branches indicate a more significant change in DNA from its common ancestor. Source: Farmer 2000

Ideally, students should do an indepth investigation of one species and obtain
information about the evidence of its evolutionary history. One possible example is the
history of modern humans. Using genome studies on DNA sequences as well as fossil
evidence, scientists estimate that the common ancestor for humans and great apes lived
over seven million years ago. Since that time, each branch has undergone further evolution.
Students can use interactive tools to examine fossils and arrange them on a timeline based
on patterns [CCC-1] that document human evolution.5

5. See the HHMI-Howard Hughes Medical Institute at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link14. This Web site is free, kept
up to date, and has excellent resources for evolution as well as other science topics designed by experts in the field for use by
teachers and students.
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High School Four-Course Model Life Science/Biology 8.3:
Human Evolution
Anchoring phenomenon: Several other species of hominin existed, but our
species, Homo sapiens, is the only one that survived to today.

Evolution is driven by natural selection favoring some new traits over others.
But which new traits or selective pressures allowed our species, Homo
sapiens, to thrive while several other early hominin species died off? Mrs.
B recently saw the September 2014 issue of Scientific American http://
www.cde.ca.gov/ci/sc/cf/ch8.asp#link13) that addresses that very question. Each article
offers a different argument supported by different evidence. One article focuses on specific
anatomical features (structure and function, LS1.A), several articles on group behavior
(LS2.D) including mating for life, cooperative hunting, and the power of culture, one article
on information processing (LS1.D), and one article emphasizes the role of ancient climate
change on evolution (ESS2.E, ESS3.D).
Mrs. B assigned different students to read different articles in a classic jigsaw. Then
she organized the students so that each group discussed a common article. Each student
group created a collaborative presentation about its article that summarized the argument
made in the paper. Students had to identify the claim, describe the evidence, and tie
it all together with reasoning. The students needed to pay particular attention to fossil
evidence (ESS1.C), which was described more in some articles than others. Then, the
student groups were reorganized, with one expert on each article in each group. Each
expert presented the collaborative presentation about the article to his or her small group.
Then, the group laid out a large sheet of butcher paper and created a comprehensive
concept map illustrating the possible explanations of how humans evolved and then
connected those explanations to other key course ideas. For example, students knew that
the pace of present-day climate change is much faster than a climate shift 160,000 years
ago that one article mentioned may have been a selective pressure that favored larger
brains. It is unlikely that humans or other species can adapt quickly enough to keep pace
with modern changes happening on the scale of decades. Mrs. B emphasized the fact that
today we do not have enough evidence to distinguish between these different possibilities,
but one day somebody might discover key evidence that allows us to rule out some of the
possibilities or provides direct evidence of a cause and effect relationship for others. Mrs. B
added, “And the person who will make that discovery might be in this room right now.”
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Life Science/Biology Instructional Segment 11:
Natural Selection
This instructional segment begins historically with Darwin’s original formulation of
the principles of evolution but quickly moves to analyzing large data sets to provide evidence
from statistics and probability that largely support his original ideas. Students build on the
mathematical models they made in the middle grades that showed how natural selection can
alter the traits within a population (MS-LS4-6).

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 11:
NATURAL SELECTION
Guiding Questions
• What processes influence natural selection?
• What evidence did Darwin provide that became the foundation for the study of evolution?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS4-2. Construct an explanation based on evidence that the process of evolution primarily
results from four factors: (1) the potential for a species to increase in number, (2) the heritable
genetic variation of individuals in a species due to mutation and sexual reproduction, (3)
competition for limited resources, and (4) the proliferation of those organisms that are better
able to survive and reproduce in the environment. [Clarification Statement: Emphasis is on
using evidence to explain the influence each of the four factors has on number of organisms,
behaviors morphology, or physiology in terms of ability to compete for limited resources and
subsequent survival of individuals and adaptation of species. Examples of evidence could
include mathematical models such as simple distribution graphs and proportional reasoning.]
[Assessment Boundary: Assessment does not include other mechanisms of evolution, such as
genetic drift, gene flow through migration, and co-evolution.]
HS-LS4-3. Apply concepts of statistics and probability to support explanations that organisms
with an advantageous heritable trait tend to increase in proportion to organisms lacking this trait.
[Clarification Statement: Emphasis is on analyzing shifts in numerical distribution of traits and using
these shifts as evidence to support explanations.] [Assessment Boundary: Assessment is limited to
basic statistical and graphical analysis. Assessment does not include allele frequency calculations.]
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 11:
NATURAL SELECTION
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-4] Analyzing and
Interpreting Data

LS4.B: Natural Selection

[CCC-1] Patterns

LS4.C: Adaptation

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: MP.2, MP.3
CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.11–12.2, 9.a–e; SL.11–12.4
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students can now interpret Darwin’s original ideas from the mid-1800s using modern
understanding from the previous sections of this course. Charles Darwin spent his adult
life collecting and analyzing data. His most famous voyage on the HMS Beagle was an
expedition to map landforms and geology, but Darwin’s observations on that journey formed
the foundation of his ideas on evolution. On that trip, Darwin noticed that organisms have
the potential to reproduce many more offspring than will survive (for example a spider will
lay hundreds of eggs). Despite this possibility for exponential growth, most populations
remain fairly constant in numbers over generations. Darwin concluded that there had to be
competition for resources and that was part of what helped keep population numbers stable
[CCC-7] over time. He also noticed that while fossils and modern living organisms differed

from place to place, in the same area the fossils and modern living organisms were very
similar to one another. For example, Darwin saw that several bird species in the Galápagos
Islands looked very similar to one species found on the continent of nearby South America. He
also knew that offspring looked like their parents but there was slight variation. He understood
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how animal breeders manipulate the traits in the population of their livestock or dogs by
selectively breeding to reinforce or eliminate certain traits. It was all these observations that
helped him identify the idea of natural selection—individuals in a population have certain traits
that allow them to effectively compete for and obtain the resources they need so that they
are able to reproduce and pass on their traits to their offspring. If no individuals reproduce in
a population, then that population ceases to exist and any unique traits within that population
are eliminated. Darwin originally summarized his findings into four postulates (table 8.2).
Table 8.2. Darwin’s Four Postulates
DARWIN’S POSTULATE

EXAMPLE

Individual organisms in a population vary
in the traits they possess.

The size of their heads or the length of a taproot

Some of this variation is passed from
parent to offspring.

Seeds from plants with purple flowers grow into
new plants with purple flowers; insects with long
wings produce offspring with long wings.

Individuals within a population have the
ability to produce a lot of offspring.

Number of seeds produced by a flowering tree,
the ability of some bacteria to reproduce every
20 minutes, the number of spores released by a
mushroom.

The individuals that leave living offspring
are the individuals with certain traits that
help them survive and reproduce, thus
they are the individuals that are selected
naturally by the environment.

Birds that can break open nuts that grew harder
in a drought year could acquire enough food and
survive the environmental change (drought) so
they then could go on to reproduce.
For an example of one type of organism, refer
to the work of Rosemary and Peter Grant on the
Darwin Finches in the Galápagos Islands (Grant
and Grant 2003).

Students should observe examples of evolution in all living systems (e.g., plants,
fungi, animals, prokaryotes, etc.). Students can collect data on individuals in a population
and look for the patterns [CCC-1] that are present. They can measure individual skulls
or beaks or shells that have been gathered to represent a specific species. There are
datasets available that extend from generation to generation and students can use these to
mathematically analyze [SEP-4] the changes they observe. They can begin to construct
an explanation [SEP-6] based on this evidence of the conditions that are necessary

for evolution to occur (HS-LS4-2). Extensions of this data collection can include some
generations that survived after a change in their environment (e.g., what happens to the
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size of beaks after a drought or what happens to the size of shells after the introduction of
a non-native species that eats the shelled organism). From these observations, students
notice that interactions in the environment influence evolution (EP&Cs I, II).
Natural selection acts on the phenotype of an individual, for example the size of a shell
or beak. The selective pressure that favors one size over another will translate into a change
in proportion of individuals with the favored size in the next generation—if the change is
a result of inheritance. In other words, the individuals that have the favorable phenotype
reproduce and pass on the favorable genetic code that generated that phenotype. The
frequencies of “favored” traits are ultimately what change from generation to generation.
Students can model [SEP-2] these changes using computer simulations of populations
(see Howard Hughes Medical Institute “Color Variation Over Time in Rock Pocket Mouse
Populations” at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link15) and use probabilities
[SEP-5] to determine whether or not there is evidence of changes in populations over time

(see Howard Hughes Medical Institute “Stickleback Evolution Virtual Lab” at http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link16) (HS-LS4-3). Using these simulations as examples, students
should be able to tie together their knowledge in the course to construct an explanation
of how organisms evolve (HS-LS4-2). Their explanation should note how 1) organisms can
reproduce to grow in numbers; 2) offspring of organisms are slightly different from their
parents due to the processes of mutations and sexual reproduction; 3) organisms compete
for limited resources; and 4) organisms with traits that enable them to survive and obtain
resources are most likely to reproduce and pass on their traits such that the population
increases in the proportion of these successful traits.
Curricular materials should specifically force students to confront the common
misconception that natural selection causes individual organisms to change and pass
these changes on to their offspring. Variation must exist in the population before any
environmental selection can occur. The environmental change does not “cause” beaks or
shells to get bigger or smaller; individuals that have these traits simply are more likely
to survive in the new environment. While environmental factors certainly do affect the
expression of traits (such as plant height or animal weight), these traits are not passed on to
offspring and this mechanism is not part of the explanation of evolution by natural selection.
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Living Earth Snapshot 8.4:
Simulating Evolution of Antibiotic-Resistant Bacteria
Everyday phenomenon: When you get a prescription antibiotic from the
pharmacy, the symptoms go away in a few days but the instructions always say to
keep taking the drug for as long as two weeks.

Mr. K asked students if they had ever had an ear infection and had to take
antibiotics. Did they have a nasty tasting liquid or a huge pill to swallow?
But did they get better? How long did it take? He then asked them if they
remember how long they took the medicine. He passed around an empty
antibiotic bottle (with patient information removed) and projected a picture of the label
on the screen so that everyone could see how long the instructions say to take the drug.
Could they just stop taking the antibiotic when they start feeling better?
Investigative phenomenon: Bacteria can become resistant to antibacterial
drugs.

Evolution appears to be slow because changes [CCC-7] happen in populations over
many, many generations. Bacteria reproduce every few hours, so humans can actually
observe their evolution. Mr. K’s class simulated the effects of antibiotics on bacteria
populations using colored index cards or foam packing peanuts (NSTA http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link17). Each index card represented an individual bacteria
organism; most cards were white, but two red cards represented individuals of the same
species that were somehow resistant to the antibiotic. During each round, an antibiotic
was applied that killed three out of four of the white cards but none of the resistant red
cards. After each round, the bacteria reproduced, so students collected another card of
the same color. Students graphed the number of bacteria and identified the trend [CCC-1]
that the population had evolved to become resistant to antibiotics.
Mr. K asked students to formulate the rules of the index card game as a
computational algorithm [SEP-5] . Students then wrote their own computer code and
used it to predict what happened to the population of bacteria when a person with an
infection stopped taking antibiotics before the end of the prescription. They culminated
by constructing an explanation [SEP-6] about how the use of antibacterial agents can
cause bacteria to evolve into superbugs (HS-LS4-4). They watched a video to obtain
information [SEP-8] about how resistant bacteria are impacting behaviors and health at
local hospitals. Mr. K then pretended to be one student’s father who wanted to throw out
his antibiotic when his symptoms went away but before the prescription ended. He asked
the student to convince him using evidence [SEP-7] that he should keep taking the
medication.
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Life Science/Biology Instructional Segment 12:
Adaptation and Biodiversity
In IS12, students tie together ideas of natural selection and evolution. They use
computer simulations to predict how populations will change when abiotic or biotic factors
change within the ecosystem.

LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 12:
ADAPTATION AND BIODIVERSITY
Guiding Questions
• How does natural selection lead to adaptation in populations?
• How do changes in ecosystems influence populations?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS4-2. Construct an explanation based on evidence that the process of evolution primarily
results from four factors: (1) the potential for a species to increase in number, (2) the heritable
genetic variation of individuals in a species due to mutation and sexual reproduction, (3)
competition for limited resources, and (4) the proliferation of those organisms that are better
able to survive and reproduce in the environment. [Clarification Statement: Emphasis is on
using evidence to explain the influence each of the four factors has on number of organisms,
behaviors morphology, or physiology in terms of ability to compete for limited resources and
subsequent survival of individuals and adaptation of species. Examples of evidence could
include mathematical models such as simple distribution graphs and proportional reasoning.]
[Assessment Boundary: Assessment does not include other mechanisms of evolution, such as
genetic drift, gene flow through migration, and co-evolution.]
HS-LS4-3. Apply concepts of statistics and probability to support explanations that organisms
with an advantageous heritable trait tend to increase in proportion to organisms lacking this trait.
[Clarification Statement: Emphasis is on analyzing shifts in numerical distribution of traits and using
these shifts as evidence to support explanations.] [Assessment Boundary: Assessment is limited to
basic statistical and graphical analysis. Assessment does not include allele frequency calculations.]
HS-LS4-4. Construct an explanation based on evidence for how natural selection leads to adaptation of populations. [Clarification Statement: Emphasis is on using data to provide evidence for
how specific biotic and abiotic differences in ecosystems (such as ranges of seasonal temperature,
long-term climate change, acidity, light, geographic barriers, or evolution of other organisms)
contribute to a change in gene frequency over time, leading to adaptation of populations.]
HS-LS4-5. Evaluate the evidence supporting claims that changes in environmental conditions
may result in (1) increases in the number of individuals of some species, (2) the emergence of
new species over time, and (3) the extinction of other species. [Clarification Statement: Emphasis
is on determining cause and effect relationships for how changes to the environment such as
deforestation, fishing, application of fertilizers, drought, flood, and the rate of change of the
environment affect distribution or disappearance of traits in species.]
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LIFE SCIENCE/BIOLOGY INSTRUCTIONAL SEGMENT 12:
ADAPTATION AND BIODIVERSITY
HS-LS4-6. Create or revise a simulation to test a solution to mitigate adverse impacts of
human activity on biodiversity.* [Clarification Statement: Emphasis is on designing solutions
for a proposed problem related to threatened or endangered species, or to genetic variation of
organisms for multiple species.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-4] Analyzing and
Interpreting Data

LS4.B: Natural Selection

[CCC-1] Patterns

LS4.C: Adaptation

[SEP-5] Using Mathematics and
Computational Thinking

LS4.D: Biodiversity and
Humans

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.B: Developing
Possible Solutions

[SEP-7] Engaging in Argument
from Evidence
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 8; WHST.11–12.2, 9a–e; SL.11–12.4
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Populations with variation in their gene pool are more often able to withstand selective
pressures as long as some of the individuals’ phenotypes are advantageous for the
population given the environment. Often, there are many variations in a population that
do not confer particular advantages at the moment; however, if there is a change in the
environment, these phenotypes may then provide an advantage. Those individuals that
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survive and reproduce living offspring have the advantageous phenotype. The advantageous
phenotype that survived while others disappeared is called an adaptation. The vignette for
this instructional segment illustrates how adaptations drive evolution.
When enough adaptations build up in a population, sometimes that population changes
to the point that some of its members no longer can mate and reproduce with other
members of the species. This isolates the members into two populations that thereby
become two different species. These two species had a single parent species from which
they evolved: this is how speciation is defined. Speciation events occur when populations
within a species change to the point that they can no longer mate with other individuals
from the same species. In most organisms, speciation takes a very long time and
preserving species that have developed is therefore a high priority. These species contribute
biodiversity to ecosystems so that even if one species disappears, there are other surviving
species that can continue the cycling of matter and flow of energy in the ecosystem. While
changes can cause species to become extinct, human influences have accelerated these
changes. Students can engage in engineering design challenges to minimize human impacts
on species or to reverse some of these impacts.

Engineering Connection
When humans sprayed the pesticide DDT on farm fields in California, it accumulated
in animal tissues and affected the viability of many bird eggs, including eggs of
the California condor. The condor populations plummeted until the pesticide was
banned in 1972 due to concerns over its impact on bird populations (EP&C II, IV).
By that point, the condor population had dwindled so far that only a few dozen
birds remained. Students can develop or revise a computer simulation (HS-LS4-6) of
a condor captive breeding and release program like the one implemented in California
(Ventana Wildlife Society n.d.). How quickly can the population expect to recover? How
many breeding pairs should be captured initially to ensure a diverse enough gene pool?
Students can track the variation in traits of offspring from one generation to the next and
use that to estimate the susceptibility to selective pressures such as disease or drought.

The high school biology course should culminate with a project in which students
apply what they have learned about how organisms maintain life. For example, students
could compare and contrast how a few different organisms maintain life (e.g., human,
redwood tree, and E. coli). The students should use evidence [SEP-7] to support
their explanations [SEP-6] and they should effectively communicate [SEP-8]
their models [SEP-2] .
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HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
NATURAL SELECTION
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS4-2. Construct an explanation based on evidence that the process of evolution primarily
results from four factors: (1) the potential for a species to increase in number, (2) the heritable
genetic variation of individuals in a species due to mutation and sexual reproduction, (3)
competition for limited resources, and (4) the proliferation of those organisms that are better
able to survive and reproduce in the environment. [Clarification Statement: Emphasis is on
using evidence to explain the influence each of the four factors has on number of organisms,
behaviors morphology, or physiology in terms of ability to compete for limited resources and
subsequent survival of individuals and adaptation of species. Examples of evidence could
include mathematical models such as simple distribution graphs and proportional reasoning.]
[Assessment Boundary: Assessment does not include other mechanisms of evolution, such as
genetic drift, gene flow through migration, and co-evolution.]
HS-LS4-3. Apply concepts of statistics and probability to support explanations that organisms
with an advantageous heritable trait tend to increase in proportion to organisms lacking this trait.
[Clarification Statement: Emphasis is on analyzing shifts in numerical distribution of traits and using
these shifts as evidence to support explanations.] [Assessment Boundary: Assessment is limited to
basic statistical and graphical analysis. Assessment does not include allele frequency calculations.]
HS-LS4-4. Construct an explanation based on evidence for how natural selection leads to adaptation of populations. [Clarification Statement: Emphasis is on using data to provide evidence for
how specific biotic and abiotic differences in ecosystems (such as ranges of seasonal temperature,
long-term climate change, acidity, light, geographic barriers, or evolution of other organisms)
contribute to a change in gene frequency over time, leading to adaptation of populations.]
HS-LS4-5. Evaluate the evidence supporting claims that changes in environmental conditions
may result in (1) increases in the number of individuals of some species, (2) the emergence of
new species over time, and (3) the extinction of other species. [Clarification Statement: Emphasis
is on determining cause and effect relationships for how changes to the environment such as
deforestation, fishing, application of fertilizers, drought, flood, and the rate of change of the
environment affect distribution or disappearance of traits in species.]

2016 California Science Framework

Chapter 8

1083

High School Four-Course Model: Life Science/Biology

HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
NATURAL SELECTION
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-4] Analyzing and Interpreting
Data

LS4.B: Natural Selection

[CCC-1] Patterns

LS4.C: Adaptation

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)
[SEP-7] Engaging in Argument
from Evidence

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: S-IC.1, 3, 4; S-ID.7
CA CCSS for ELA/Literacy Connections: SL.9–12.1, 2; RST.11–12.1, 2, 7–10; WHST.9–
12.1a–b, 2a, 6–10
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
NATURAL SELECTION

Introduction
This vignette describes how students developed an understanding of how variation,
genotype, and phenotype play a role in evolution by addressing the following overarching
questions: What processes influence natural selection? How much can humans cause
changes that influence natural selection (EP&C II)? What do changes in patterns [CCC-1] of
phenotypes mean? How do changes [CCC-7] in the environment cause [CCC-2] changes in
the variation in populations?
Length and position in course: This vignette builds on background knowledge of life
science DCIs from the middle grades. It illustrates one approach to teaching sections of IS11
and IS12 of this course. Students need to know how to obtain raw data and construct graphs,
both by hand and using spreadsheets on the computer. There is a bit of guidance in some
of the documents used for the vignette, but it assumes that students already have some
experience with graphing.
This vignette also illustrates students using one-to-one electronic devices to edit online
collaborative documents (e.g., Google documents and spreadsheets). The vignette debrief at
the end describes how to adapt the lesson without technology or limited technology.
5E Lesson Design: This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter for tips on implementing 5E lessons.
Day 1: Looking for Patterns
Students ask questions about height variations in human populations. They measure and
record data about students in their class and look for patterns in the height of professional
athletes.
Day 2: Identifying Variation
Students practice recognizing variation in pinto beans and birds on the Galápagos Islands.
Days 3–4: Bird-Beak Simulations
Students use their bodies to make a physical model that simulates how different beak
shapes are adaptations for different conditions. Students then analyze the data they collect,
identifying cause and effect linkages about beak shape and survival.
Days 5–6: Darwin’s Observations
Students obtain information about Darwin and make a concept map summarizing the
inferences he drew from his data. Students share their concept maps with other students,
asking questions and evaluating their peers’ maps in gallery a walk.
Days 7–8: Analyzing Beak Data
Students graph wing length, body mass, and beak depth from finches on the Galápagos
islands both prior to and following a drought. They prepare and give presentations supporting
claims about cause and effect relationships they interpret from the data.
Day 9: Simulating Natural Selection
Students make a physical model in which they act as predators eating different color prey
(simulated by different color dots of paper scattered on a colored fabric background). They
watch as the population shifts from one generation to the next.
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HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
NATURAL SELECTION
Day 10: Selection Pressure
Students obtain information about different types of selection pressures and discuss how
human activities affect different populations.
Day 11: Case Study
Students work in groups to evaluate a case study about biodiversity and human impacts
on species survival.
Day 12: Case Study Culmination
Students present their findings about the case study.
Day 1: Looking for Patterns (Engage)
Anchoring phenomenon: Height variation exists in the classroom.

As the students entered the classroom, Ms. O handed each of them an index card and
told them to put down their books and go with a partner to a station and measure both their
heights in inches and in centimeters. Each person wrote measurements for both partners
on the index card. Ms. O then asked them to enter their own data into the class online
spreadsheet. The students also indicated their gender, but they left their names off.
Ms. O projected a graph of the data from the entire class on the screen. She displayed the
data in a table format with male/female as one column and inches in another and centimeters
in the last column. She asked the students a few questions: “What did you notice? Were there
any patterns [CCC-1] to this distribution? Were your classmates all tall or all short? How tall
is tall? How short is short?” She wanted all students to be able to respond simultaneously, so
she had them log into an electronic quickwrite (a collaborative online spreadsheet with each
student’s name as a row header and the question as a header in the column closest to their
name. The students are familiar with this protocol, which they have used since the beginning
of the school year. See example below—figure 8.7.)
Figure 8.7. Example of a Quickwrite Using an Interactive Online Spreadsheet

Source: Screenshot of Google Sheets by V. Vandergon
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HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
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Ms. O then highlighted some of the commonalities between different students’ answers
and asked students the next guiding question: “You all noticed that there were differences
in the heights of your classmates. We call this variation. Why was there variation in height?
Answer on the quickwrite.”
To review essential concepts in genetics, Ms. O asked students to form a sentence in
the quickwrite that described the relationship between genotype, phenotype, height, and
nutrition. She highlighted a few answers that described how height is a phenotype that relates
to both genotype and environmental factors like nutrition.
Investigative phenomenon: The average height of baseball and basketball players
today is taller than it was 100 years ago.

She then asked, “Do you think humans’ average height has changed over the years? Are
people today taller than they were 100 years ago?” Ms. O asked students to submit their
responses in the quickwrite and explain their thinking.
“Now we are going to look at data on height and weight of baseball and basketball players
in the last century.” Ms. O then had the students open the class Web site and click on the link
for Baseball (McLennan 2010) and Basketball (Basketball-Reference n.d.) statistics. Working in
established pairs or groups of three, the students wrote down observations of the trends they
saw over time in the height data. Then she asked them, “What stands out for you in this data?”
Ms. O led the students through an analysis of the data, identifying the overall trend
including the direction and the shape (is it linear?). For homework, she asked students to
write an explanation [SEP-6] that interprets the data [SEP-4] in terms of genetics and
environmental factors. She asks them to speculate about which factor might have changed
most during 100 years, genetics or environment.
Day 2: Identifying Variation (Engage)
Investigative Phenomenon: There is variation in beans even when they are the
same type.

Ms. O’s goal on the second day was to have the students recognize that there is variation
in many different populations (not only in humans), including in pinto beans and birds.
Ms. O led a discussion of the evidence from the previous day that showed the average
height and weight of baseball and basketball players had increased over the years. While
there was a general trend, there was still variation between players during every year, just like
there was variation in student heights in the class.
The class focused on variation today, starting with variation in beans. Ms. O handed out two
to three pinto beans to each student and asked them to write down a few observations
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HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
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about what each looked like. They were allowed to measure and draw what they saw. Ms.
O encouraged them to look at their neighbors’ beans too. Then, she collected all the beans
and put them into a few bowls that had some additional beans in them too. Ms. O asked the
students within the groups to pick out their beans from among the beans in the bowls. Were
the variations large enough to tell the beans apart? Had the students recorded the variations
with enough detail to recognize their beans?
Ms. O. asked the students if variation is part of all populations. She asks students to call
out a few variations that bird populations might have, guiding the students to think about
beaks, body size, and wingspan. Then she introduced and showed a 15-minute video on
variation in the Galápagos Island finches (HHMI Biointeractive 2014).
Before class ended, Ms. O explained that tomorrow they would each play the part of a bird
with a different beak in a physical simulation of variation on different islands. She assigned
roles and handed out instructions about the parts students would play. She told them that
they needed to be prepared to start the simulation as soon as class begins or they would
“starve.” She assigned a short online quiz as homework to ensure that students knew their
roles well enough.
Day 3: Bird-Beak Simulations (Explore)
Investigative phenomenon: Birds with different-shaped beaks survive when
different- shaped food morsels are available.

Ms. O’s expectation for the students was to collect as much high-quality data as possible.
They would analyze the data the following day.
Before class, Ms. O set up eight stations around the room representing different islands
with different food sources. Students entered class ready to start at their stations and pick
up their assigned beak tool (tweezers, a pair of tongs, a spoon, and a toothpick). Each island
had “food” with a different shape and their goal was to pick up as many of the food items as
possible using their assigned beak tool. They could not use their hands. Once Ms. O called
time, they recorded the number of food morsels “eaten” at each station and reset the station
for the next group before rotating to the next “island” with food of a different shape. As the
students performed the tasks at each station, Ms. O walked around helping the students stay
on task and making sure the supplies were adequate.
Students’ homework was to enter their data into the cloud-based class spreadsheet that
Ms. O had linked to the class Web site and to answer the questions for each of the stations
they had completed. Ms. O made it clear that they would receive points based on data input
before class started.
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Day 4: Analyzing Bird-Beak Simulation Results (Explore)
The class objective this day was to analyze and interpret data [SEP-4] collected the
previous day to identify cause and effect relationships between beak characteristics and
survival on different islands.
Students entered class and took out their electronic devices and their worksheets. Ms. O
called the class together and projected the data students had entered into the spreadsheet
for homework. Ms. O asked some guiding questions about the data. She collected some of
the answers on the class quickwrite so that all students could respond. Ms. O asked, “Which
beaks worked best for each island? Is there any beak type that worked well on more than one
island? Why or why not? What causes one beak to work better than the others?” She had the
students input their responses and then talked within their groups to decide if they wanted to
improve on their answers.
For the last 15 minutes of the class, she gave the students a formative assessment.
Students filled out an online form (this would ensure individual responses were gathered as
students could not see other students’ responses). They looked at the spreadsheet that Ms. O
had projected. She did not let the students look at the sheet on their devices as she wanted
to see what they knew not what their partners knew.
The questions for the assessment were:
1. What overall patterns did you observe in the use of the beak tools on each
island? Give evidence from the data to support your answer.
2. Did there seem to be a “best” tool for every island? Why or why not? Use data to
support your answer.
3. Now that you have had a chance to look at data collected for each island, write a
few sentences on how variation affects the ability of birds to gather food. Provide
examples of cause and effect. What will happen to the separate bird populations
over time? Provide evidence for your explanations. Use class data to support your
observations. (Note: this question was asked already but before the discussion,
so students should now have more evidence to support their answers).
Ms. O assigned homework for the students that involved reading the section of their
textbook on Darwin’s observations and inferences.
Days 5–6: Darwin’s Finches (Explain)
Investigative phenomenon: Different islands of the Galápagos had different
populations of finch species, and the birds came in a variety of sizes on each island.

Ms. O expected students to produce a concept map outlining Darwin’s observations and
the inferences he made. They then connected these observations to the activities done in
class already. She modified this activity from Passmore et al. (2013
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Working in groups, students discussed Darwin’s observations and the inferences he drew
from them. Ms. O traveled to each group to answer any questions and/or clarify for the
students anything about Darwin’s findings. Students then worked together to create a concept
map that included each of Darwin’s observations with links to each of his inferences (Ms. O
encouraged them to be creative. They could use pictures, drawings, or sketches). As she
circulated, she ensured that each group had included all four of Darwin’s key points:
1. Individuals within populations are variable.
2. The variation among individuals is, at least in part, passed from parent to
offspring.
3. In every generation, some individuals are more successful at surviving and
reproducing then others.
4. The survival and reproduction of individuals is not random; instead they are
tied to the variation among individuals. The individuals with the most favorable
variations, those who are better at surviving and reproducing, are naturally
selected. (Darwin 1859, 459)
Ms. O instructed the students to add another layer to their maps that drew connections to
the activities already done in this instructional segment. Ms. O expected these concept maps
to be completed halfway through the second day of the activity.
Students displayed their maps around the room, and students did a gallery walk to view
the work of their peers. They wrote at least one question or comment on a sticky note and
attached it to each concept map. After the gallery walk, groups returned to their own posters
and reviewed the feedback that was given to them. They made improvements based on the
feedback. Ms. O then took a photo that she uploaded to the class Web site. The students
continued to add information to these posters over the next week.
Ms. O assigned homework for the students to read pages 965–968 of an article posted on
the class Web site (Grant and Grant 2003). This paper was a review of the work featured in
the HHMI video shown on day 2.
Days 7–8: Analyzing Finch Data (Explain and Elaborate)
Investigative phenomenon: The average size of birds on one island changed in the
years following a severe drought.

At the end of days 7 and 8, Ms. O expected students to analyze real data collected by the
Grants and use it as evidence to support a claim about how a drought had affected one local
finch population. Ms. O modified this activity from one by HHMI.
Ms. O introduced the spreadsheet showing data (HHMI 2016) recorded by the scientists
students had read about in their homework. She oriented students by showing the columns
with wing length, body mass, and beak depth, taken from a sample of 100 medium ground

1090

Chapter 8

2016 California Science Framework

High School Four-Course Model: Life Science/Biology

HIGH SCHOOL FOUR-COURSE MODEL LIFE SCIENCE/BIOLOGY VIGNETTE 8.1:
NATURAL SELECTION
finches (Geospiza fortis) living on the island of Daphne Major in the Galápagos Islands. She
projected the picture of a ground finch so that students had an image of what the bird looked
like (figure 8.8). All the finches in this study had hatched between the years of 1973 and
1976. Before the students looked at the data, Ms. O asked a quickwrite question, “What do
you think will happen to birds after a drought and why?” Then, Ms. O told the students to
look at the data and she asked, “Do you see any patterns in this data before you graph it?
Are all the birds of similar size? What measurements seem to vary the most from individual to
individual? Why do you think the sample only includes adult birds? Is there a best approach to
graphing beak depth measurements?”
Once students recognized that half of
Figure 8.8. A Ground Finch
the measurements were from finches that
died in 1977 (the year of the drought) and
that half of the measurements were from
finches that survived the drought, Ms. O
asked them to graph the two groups on
separate graphs as histograms. After the
students generated their graphs, Ms. O had
the students analyze and interpret the
data [SEP-4] . To help scaffold students
up to the point where they could support
a strong claim, she asked them to work in
pairs to complete an online form. The
Source: John van de Graaff 2010
questions included the following:
1. What observations can you make about the overall shape of each graph?
(Imagine that you are drawing a line that connects the tops of the vertical bars).
2. What do the shapes of the two graphs indicate about the distribution of beakdepth measurements in these two groups of medium ground finches?
3. Compare the distribution of beak depths between survivors and non-survivors.
In your answer, include the shape of the distributions, the range of the data, and
the most common measurements.
4. Based on what you saw in the film last week (it is linked to the class Web site
if you want to refer back to it), think about how changes in the environment
may have affected which birds survived the drought. Propose a hypothesis to
explain differences in the distribution of beak depths between survivors and nonsurvivors. Use evidence from what you have learned about natural selection.
As a quick formative assessment she asks the following questions:
1. Are there any differences in average wing span between survivors and
non-survivors?
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2. Are there any differences in average body mass between survivors and
non-survivors?
3. Back to the graphs on beak depth are there any differences between survivors
and non-survivors?
4. If there are differences, what do you think caused these differences? If there are
no differences, why do you think that is so?
5. Which trait seems to have the most differences and what effect will that have on
the finch population over time? Why?
On day 8, Ms. O addressed student’s common ideas (including some that are inconsistent
with the data). The students shared their results and added new information and observations
to their concept map.
Day 9: Simulating Natural Selection (Explore and Explain)
Students used their bodies as physical models to simulate how variation within populations
can occur over time due to natural selection.
Ms. O set out two types of fabric. One-half of the room had swatches of one type of fabric,
and the other half had swatches of another type. Students worked in their assigned groups of
four. Each group also received a bag containing 20 dots each of six different colors made out
of construction paper that has been hole-punched (red, green, yellow, blue, black, pink). She
also put a bag of additional dots at each of the stations (these had lots of each color in them,
no specific number is counted). She also set up a cloud-based class spreadsheet with colorcoded columns where the students input their data.
Ms. O welcomed the students and told them that half of them were going to be birds
again, but this time they would all have the same beak type: their forefinger and their thumb.
One person in the group was the timer; another person in the group was a “producer” who
spread the colored dots from the baggie onto the fabric, and the other two individuals were
birds of prey. The individual who was the timer was also the data entry person, entering data
into the class spreadsheet throughout the experiment. Before beginning, this person recorded
that the first generation began with 20 dots of each color. When Ms. O said “start,” the birds
turned their back and the producer spread the dots on the fabric. When the timer said “go,”
the two birds of prey turned around and picked up dots one at a time, for 20 seconds, using
just their thumb and forefinger. They dropped the dots into a petri dish. After they were done,
each member of the group helped count the dots. Ms. O asked them to figure out the number
of dots that were left on the fabric by subtracting the number of prey captured from the initial
number. Now using a baggie that has “extra” prey in it, the team members count out the new
offspring. For every dot left on the fabric, two more dots of that color were added. If 12 green
dots were left, they counted out 24 more green dots. Before the next round started, the data
entry person recorded the starting number for each color under “second generation.” The
students repeated the actions of the first round with the producers spreading the dots on the
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fabric and the birds picking up dots with their forefingers and thumbs for 20 seconds. Again
the team counted the dots and calculated how many dots were left, they again added two
offspring per dot remaining and entered the total number of each color for the start of “third
generation.” Then the students could create line graphs of their data showing the evolution of
each color over successive generations. After all students had generated their graphs, Ms. O
had them complete an online form answering the following questions, which required them
to analyze and interpret data [SEP-4] and engage in argument from evidence [SEP-7] :
1. Which, if any, colors of paper dots survived better than others in the second- and
third-generation beginning populations of paper dots?
2. What might be the reason that predators did not select these colors as much as
they did other colors? Use evidence from your results and what you know about
natural selection to support your reason.
3. What effect did capturing a particular color dot have on the numbers of that
color in the following generations? How does this relate to what you know about
natural selection?
4. How well does the class data support your team’s data and conclusions? Again
use evidence from your results and what you know about natural selection to
support your reason.
If the students ran out of time, they finished these questions as homework.
Day 10: Selection Pressure (Elaborate)
Investigative phenomenon: Different marine organisms have different features/
adaptations.

In this lesson students elaborated on what they had learned about natural selection as
they applied it to selection pressures on marine organisms. Ms. O modified this lesson for days
10–12 from the Education and the Environment Initiative (EEI) curriculum Differential Survival
of Organisms.
Each group received one of the following Selection Pressure Cards (http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link18). Within their groups, they discussed the card, added their own
examples, and then created a five-word poster (they could use drawings and symbols but only
five words, besides the title) that communicates [SEP-8] the pressure and characteristics
that might exist in organisms. Students share their posters so that all teams have a solid
grasp of the different factors that can lead to successful reproduction.
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Selection Pressures Cards (copied from the EEI teacher pages)
Need for Energy

Predation

Examples of survival traits: teeth that
can grasp prey, large eyes that help
find prey, sensitive noses to smell prey

Examples of survival traits: speed for
escaping from predators, camouflage to
hide from predators, hard exoskeleton

Abiotic Environmental Factors

Need to Reproduce

Examples of survival traits: layers of fat
to protect from cold, feathers that shed
water, feet that help running through
sand

Examples of survival traits: ability to
sing to find mates, pouches to carry
young, nest-building behavior

After asking if there are any questions or clarifications that were needed, Ms. O distributed
marine organism information cards (http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link19) to each
team. Each card depicted a marine organism and described several adaptations the organisms
had. Students then had to identify how the adaptation gave the organism an advantage for
one (or more) of the selection pressures. In each case, the students had to recognize both
the structure and its function [CCC-6] .
After discussing these selection pressures as a class, students read an article from the
same EEI unit Differential Survival of Organisms (http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link20) to obtain information [SEP-8] about how human activities had affected the
population of sea otters. Students discussed how these activities altered selection pressures.
As an exit ticket, all students completed two questions in an online form: What selective
pressures have led to the characteristics commonly seen in sea otters? If sea otters are
threatened again by human activities, as they were a century ago, how would this influence
the differential survival of the otters and other species? Use evidence from natural selection
and what you learned about today in class.
Students tied the ideas from the most recent lessons to the other ideas on their concept
maps. They were asked to consider how each example related to Darwin’s original ideas.
Ms. O then took a new picture of the concept maps and re-uploaded them to the class
presentation Web site.
Days 11–12: Case Study on Biodiversity and Human Impacts (Evaluate)
Investigative phenomenon: The number of crown-of-thorns sea stars in the Great
Barrier Reef tends to be higher in years with more rainfall.

Students applied the knowledge gained during this instructional segment to analyzing
a case study, (Case Study of the Great Barrier Reef in Australia found in the EEI unit,
Differential Survival of Organisms.)
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Students worked in small groups to read through the short case study (http://www.
cde.ca.gov/ci/sc/cf/ch8.asp#link21) and began to answer the questions on the worksheet
provided in the unit (http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link22). In addition to the
questions on the worksheet, Ms. O asked students to apply their models of natural selection
from previous days to explain what was happening in the case. Students were encouraged to
create concept maps, graphs, or other supporting material.
On day 11, students completed the worksheet and prepared arguments about how to
diminish the effects of human activities on the survival of coral populations on the Great
Barrier Reef. On day 12, each group was given three minutes to make the case for their
solution to the decreasing population of coral.

Vignette Debrief
The instructional plan described in this vignette was specifically designed to take into
account the three dimensions of learning identified in the CA NGSS. Additionally, because
of the cause and effect [CCC-2] relationship between environmental conditions and the
selection pressures that directly influence natural selection, this series of lessons provided a
wide array of opportunities to reinforce students’ understanding of California’s Environmental
Principles and Concepts (EP&Cs).
SEPs. There were four practices highlighted in this vignette. The most frequently used
was analyzing and interpreting data [SEP-4] which was applied after each hands-on activity
that used data (for example, the Island Beak lab). In the finch raw data lesson, students used
mathematics and computational thinking [SEP-5] to fully analyze the data. The students
constructed explanations [SEP-6] when they described what happened during the dot-andfabric activity as well as when they observed the selective pressure on the marine organisms.
Throughout the vignette the students were asked to engage in argument from evidence
[SEP-7] to justify their claims, which is an important part of the final assessment on day 12.
DCIs. The main disciplinary core idea for this vignette was natural selection, and it was
fully addressed throughout the vignette. The other DCI that was partially addressed was
adaptation, especially in the EEI lesson on marine organisms.
CCCs. Students recognized patterns [CCC-1] and used them to infer cause and effect
[CCC-2] relationships on day 1 when they looked for patterns in human height and during
each of the data analysis activities following the two simulations and the real finch data set.
EP&Cs. This vignette incorporated part of the EEI curriculum into the lessons and used a
case study as the final assessment for the unit. This instructional plan provided an opportunity
to reinforce three of California’s EP&Cs, including Principle II: The long-term functioning
and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their
relationships with human societies; Principle III: Natural systems proceed through cycles that
humans depend upon, benefit from and can alter; and, Principle IV: The exchange of matter
between natural systems and human societies affects the long-term functioning of both. The
Environmental Principles are emphasized on day 12.
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CA CCSS Connections to English Language Arts and Mathematics. Throughout the
vignette students were collecting, recording, and analyzing data. They used the data to
examine change over time and to evaluate possible causes for the changes (S-IC-1, 3, 4;
S-ID.7). The students held small-group and class discussions as they analyzed data and
performed bird-beak simulations (SL.9-12.1, 2; RST.9-12.3). The students also produced
several small informal pieces of writing throughout the vignette (WHST.9-12.7-10)
Note on technology use in the classroom. This vignette integrated many uses of
technology within the daily lessons. If the students did not have one-to-one technology, they
used lab notebooks or index cards for quickwrites and guiding questions. A teacher could
ask students to record data in their notebook first and then for homework enter it into cloudbased spreadsheets or take the students to a computer lab the next day. Also, some teachers
had access to a few computers and could use these with lab groups, eliminating the need for
one-to-one access to technology.
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asp#link23.
BSCS. 2016. BSCS 5E Instructional Model. http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link24.
California Education and the Environment Initiative. 2010. http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link25.
Darwin, Charles. 1859. On the Origins of Species by Means of Natural Selection. London:
Murray.
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HHMI Biointeractive. 2014. “Galápagos Finch Evolution—HHMI BioInteractive Video.” Posted at
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Concept Map of Life Science Disciplinary Core Ideas
In meeting the performance expectations selected for this instructional segment,
instructors must introduce some DCIs as well as build on the DCIs introduced in the middle
grades. Figure 8.9 shows a concept map with the relationships between DCIs introduced
during the middle grades and high school level. This concept map is not a conceptual flow
with a specific order or sequence, nor is it a comprehensive illustration of all ideas that
should be taught in the courses. Nor does it illustrate interdisciplinary connections that
should be drawn. It may, however, be helpful in identifying how DCIs build from middle
grades to high school and relate to one another. This map is explicitly placed at the end of
the unit so that readers view it with a full appreciation of how these DCIs must be explored
using the other two dimensions of CA NGSS as outlined in the course above. The concept
map is limited only to DCIs, so even if students had a full appreciation of the content of
these maps, they also need practice in doing science and engineering (SEPs) and identifying
big-picture relationships to other disciplines (CCCs).
Figure 8.9. Relationship of DCIs in Biology including High School and Middle Grades Content

Diagram by M. d’Alessio
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Introduction to the Chemistry Course
According to the Next Generation Science Standards:
Students in high school continue to develop their understanding of the four
core ideas in the physical sciences. These ideas include the most fundamental
concepts from chemistry and physics, but are intended to leave room
for expanded study in upper-level high school courses. The high school
performance expectations in Physical Science build on the middle school
ideas and skills and allow high school students to explain more indepth
phenomena central not only to the physical sciences, but to life and Earth and
space sciences as well. These performance expectations blend the core ideas
with scientific and engineering practices (SEPs) and crosscutting concepts
(CCCs) to support students in developing useable knowledge to explain ideas

across the science disciplines. In the physical science performance expectations
at the high school level, there is a focus on several scientific practices. These
include developing and using models, planning and conducting investigations,
analyzing and interpreting data, using mathematical and computational
thinking, and constructing explanations; and to use these practices to
demonstrate understanding of the core ideas. Students are also expected to
demonstrate understanding of several engineering practices, including design
and evaluation. (NGSS Lead States 2013f)
Chemical processes are a part of everyday life in California (figure 8.10). All students
in California should have the opportunity to investigate [SEP-3] phenomena caused
[CCC-2] when matter interacts, and to create models [SEP-2] of these interactions at the

atomic scale [CCC-3] .
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Figure 8.10. Chemistry in Everyday Life

Students can brainstorm the variety of ways that chemistry, and the products of chemical research and
development, are relevant to society and their everyday lives. Source: Herr 2008, 285

The CA NGSS do not specify which phenomena to explore or the order to address topics
because phenomena need to be relevant to the students that live in each community and
should flow in an authentic manner. This chapter illustrates one possible set of phenomena
that will help students achieve the CA NGSS performance expectations. Many of the
phenomena selected illustrate California’s EP&Cs, which are an essential part of the CA
NGSS (see chapter 1 of this framework). However, the phenomena chosen for this statewide
document will not be ideal for every classroom in a state as large and diverse as California.
Teachers are therefore encouraged to select phenomena that will engage their students and
use this chapter’s examples as inspiration for designing their own instructional sequence.
For example, the course could be restructured around contemporary issues of health or
ecosystem change faced by a local community.
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This example course is divided into instructional segments centered on questions about
observations of a specific phenomenon. Different phenomena require different amounts
of investigation to explore and understand, so each instructional segment should take a
different fraction of the school year. As students achieve the performance expectations
within the instructional segment, they uncover disciplinary core ideas (DCIs) from
physical science and engineering. Students engage in multiple practices in each instructional
segment, not only those explicitly indicated in the performance expectations. Students also
focus on one or two CCCs as tools to make sense of their observations and investigations;
the CCCs are recurring themes in all disciplines of science and engineering and help tie
these seemingly disparate fields together.
This chapter clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction
to science, serves as a senior capstone that integrates and applies science learning from
all previous science courses, or aligns with the expectations of advanced placement or
international baccalaureate curriculum.
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Example Course Mapping for a Chemistry Course
This example course is divided into five instructional segments that group together
related component ideas within the DCIs (table 8.3).
Table 8.3. Overview of Instructional Segments for High School Chemistry

1

Properties of Matter
Students observe and quantify the bulk properties of matter
and how they change during chemical reactions.

1

2

H

He

3

4

5

11

12

13

14

15

16

17

18

19

20

31

32

33

34

35

36

37

38

49

50

51

52

53

55

56

81

82

83

84

19

86

87

88

113

114

115

116

117

118

Li

Be

B

Na Mg Al
K

Rb
Cs
Fr

6

C

Si

7

N
P

Ca Ga Ge As
Sr

Ba

In

Tl

Ra Nh

Sn Sb

Pb
Fl

Bi

Mc

8

O
S

9

F

Cl

Se Br

Te

I

Po At
Lv

Ts

10

Ne
Ar
Kr

54

Xe

2

Structure of Matter
Students recognize patterns in bulk properties and use them
to develop a model of the internal structure of atoms. They apply
these model atoms and how they interact through electrical
attractions to bond together.

Rn
Og

3

Chemical Reactions
Students use their model of the inner working of the atom to
explain the rates of chemical reactions and whether energy is stored
or released during interactions between atoms.

4

Modifying Chemical Reactions
In many situations, a dynamic and condition-dependent
balance between a reaction and the reverse reaction determines the
numbers of all types of molecules present.

5

Conservation of Energy and Energy Transfer
Students perform investigations of the basic laws of
thermodynamics and relate these to important societal issues
related to fuels and energy supply.

Sources: Giardino 2006; M. d’Alessio; Amitchell125 2011; A.M. Lebow; O’Sullivan 2009
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Chemistry Instructional Segment 1:
Properties of Matter
According to the NGSS storyline:
The performance expectations in the topic Structure and Properties of
Matter help students formulate an answer to the question, “How can one
explain the structure and properties of matter?” Two sub-ideas from the NRC
Framework are addressed in these performance expectations: the structure and
properties of matter, and nuclear processes. Students are expected to develop
understanding of the substructure of atoms and provide more mechanistic
explanations of the properties of substances … The crosscutting concepts
of patterns, energy and matter, and structure and function are called out as
organizing concepts for these disciplinary core ideas. In these performance
expectations, students are expected to demonstrate proficiency in developing
and using models, planning and conducting investigations, and communicating
scientific and technical information; and to use these practices to demonstrate
understanding of the core ideas. (NGSS Lead States 2013f)

CHEMISTRY INSTRUCTIONAL SEGMENT 1:
PROPERTIES OF MATTER
Guiding Questions
• How can we describe and measure the bulk properties of matter?
• What causes different materials to have different bulk properties?
• How can we infer the structure of matter at the atomic scale from properties of matter
observed at the bulk scale?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-3. Plan and conduct an investigation to gather evidence to compare the structure
of substances at the bulk scale to infer the strength of electrical forces between particles.
[Clarification Statement: Emphasis is on understanding the strengths of forces between
particles, not on naming specific intermolecular forces (such as dipole-dipole). Examples of
particles could include ions, atoms, molecules, and networked materials (such as graphite).
Examples of bulk properties of substances could include the melting point and boiling point,
vapor pressure, and surface tension.] [Assessment Boundary: Assessment does not include
Raoult’s law calculations of vapor pressure.] (Introduced here but not assessed in IS3)
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CHEMISTRY INSTRUCTIONAL SEGMENT 1:
PROPERTIES OF MATTER
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-3] Planning and
Carrying Out Investigations

PS1.A: Structure and
Properties of Matter

[CCC-1] Patterns

PS2.B: Types of Interactions

[CCC-2] Cause and Effect:
Mechanism and Explanation
[CCC-4] Systems and System
Models

CA CCSS Math Connections: N-Q.1–3
CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.11–12.7, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Chemistry is the study of matter, the properties of matter, and the way matter interacts
to form new substances. Many consider chemistry to be a challenging subject because
it deals with infinitesimally small particles and abstract concepts, yet our understanding
of chemistry has been derived from observable properties of matter at the bulk scale.
Performance expectation HS-PS1-3 requires learners to make inferences about the strength
of electrical forces between particles using observable properties such as melting point,
boiling point, vapor pressure, and surface tension. Thus, students are asked to make
inferences and models about atomic-scale objects and forces on the basis of what can be
seen and observed, in much the same way that chemists have done throughout history. We
introduce this performance expectation in the first instructional segment of this high school
chemistry course so that students come to learn the power of reasoning and the inductive
nature of science.
For students to succeed in this performance expectation, they must build upon their
existing knowledge of matter and its interactions as learned through everyday life, as
well as through academic experiences in elementary and middle grades. Students have
interacted with both physical and chemical properties of bulk matter as long as they have
been alive, and have developed naive but important understandings about the nature of
matter. For example, when students describe the volume of a soft drink, texture or one’s
hair, or color of the sky, they are describing physical properties of matter at the bulk scale.
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Similarly, when they describe the way wood burns, iron rusts, or silver tarnishes, they are
describing chemical reactions at the bulk scale.
Before attempting performance expectation HS-PS1-3, students should become skilled
at observing, describing, categorizing, and measuring physical and chemical properties at
the bulk scale through a variety of activities and investigations. One such activity is to make
as many observations, descriptions, and measurements as possible about a burning candle,
patterned after a classic science lesson introduced by Michael Faraday. The teacher can
introduce a list of things to observe (table 8.4).
Table 8.4. List of What to Observe in an Experiment of a Burning Candle Placed
Under a Beaker
COMPONENTS OF THE SYSTEM
flame

colors, shape, height in open air, initial rate of burning, rate of burning
when wax melts, response to wind, response to water droplets, changes
in color and height when a beaker is lowered over it, direction flame
burns when candle is tilted at different angles, duration of smoke when
extinguished, time flame burns under a 500 milliliter (ml) beaker versus
a 1000 ml beaker

wick

position, color, structure, flow patterns of wax, rate wick burns when not
in wax, rate wick burns when in candle

wax

color, texture, shape, rate consumed, appearance when melted, rate
consumed if melted wax is drained, rate consumed if not drained

smoke

color, quantity, distribution, color bromthymol blue turns in smoke

condensate

appearance when placed under a beaker, conditions when it forms,
location where it forms, rate of formation

deposits

color, texture, location, rate of formation, conditions under which
deposits form

beaker

shape, size, changes during experiment

OTHER OBSERVATIONS (INCLUDING “SYSTEM PROPERTIES”)
odors

odors of unlit candle, burning candle, and extinguished candle

sound

sound produced by burning candle, sound when water is placed in well

temperature

top of flame, middle of flame, bottom of flame, at different distances
away from the flame

All but the last three items in this list are objects that are components of a system
[CCC-4] . Students can also make observations of the relationships between the
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components, noticing which objects interact directly. These relationships give clues
to cause and effect [CCC-2] mechanisms. The bottom portion of the table includes
other observations that don’t seem to be readily attributable to any specific component
of the system (though an astute student may notice that the odor and the sound are
directly related to unseen components of the system, particles and movements in the air).
These might include so-called system properties that are properties and behaviors of the
entire system that manifest only from the fully functioning interactions between all the
components. Students will be studying chemical systems in this course that involve different
interacting chemical species. The purpose of this or other such activities is to help students
develop the observation and measurement skills necessary to build models [SEP-2] of
those systems [CCC-4] and make inferences that relate those models to other behaviors of
the natural world. When they are skilled at observing properties on the bulk scale, they are
better prepared to make the observations and inferences required by HS-PS1-3.
Students entering high school chemistry not only have a wealth of practical experiences
with the properties of bulk matter, but they also have received formal instruction in
chemistry starting in the second grade. By fifth grade, students identified materials based
on their properties (5-PS1-3), performed investigations to show that matter is conserved
(5-PS1-2), and made models that describe how matter is made of particles too small to
see (5-PS1-1). In the middle grades, students should be experienced making models of
molecules with different structures (MS-PS1-1) and start to understand that atomic and
molecular structures determine properties at the bulk level.
Scientists have been studying matter for centuries, examining the behavior and
interactions of different materials long before they had a working model of atoms at the
microscopic level. Through careful measurements before and after chemical reactions,
Lavoisier determined the law of mass conservation. Cavendish recognized that materials
seemed to combine together in definite proportions. Even after Dalton built on their work
to infer the existence of atoms, it was nearly 100 years before Thomson’s investigations
with cathode rays suggested that atoms had an internal structure that might govern their
behavior. In the intervening time, researchers around the world noticed patterns [CCC-1]
in the behavior of materials. Mendeleev, who grew up in a poor household and probably
did not learn his country’s official language until high school, finally cracked the code by
building an incredible knowledge base of the bulk properties and behavior of different
elements. The purpose of the first part of this instructional segment is to provide students
experience with the types of observations Mendeleev was using at the time he developed
the basis for our modern periodic table.
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Many of the early investigations in chemistry had the goal of purifying substances
(driven in part by alchemists’ ideological belief that discovering the secret to removing the
impurities in substances would allow them to remove impurities in their souls). Beginning
a chemistry course with investigations [SEP-3] into the bulk properties of matter in pure
substances forces students to confront the fact that there must be some sort of process
causing these behaviors that operates within the matter itself. This realization is the first
stage in forming the bridge between macroscopic properties of matter and models of
microscopic interactions between particles that make up that matter.

Opportunities for ELA/ELD Connections
To support students in effectively interpreting their investigations in chemistry, have
them identify, define, and discuss key vocabulary and concepts. For example, provide
students with a list of the properties of matter (e.g., crystal shape, hardness, cleavage, freezing point, melting point, etc.) and have them define each property, draw a
picture or visual representation, and, during the investigation, explain how the properties change when heated or cooled.
CA CCSS for ELA/Literacy Standards: L.9–12.4, 6
CA ELD Standards: ELD.PI. 9–12.6

A wide range of activities can be used to explore the variety of bulk properties of matter
(e.g., crystal shape, hardness, cleavage, freezing point, melting point, boiling point, color,
flammability, heat of combustion, malleability, ductility, luster, odor, color). The special
properties of water make it particularly well suited to early investigations. Its high heat
capacity, low density in solid form, strong cohesion and adhesion, capillary action, high
surface tension, and excellent ability to dissolve polar substances, are particularly important
to biological, environmental, and chemical systems, and are determined by its unique
structure. Students investigate [SEP-3] how these properties change as a function of
heating and cooling, allowing them to apply their model [SEP-2] of matter as interacting
particles developed in the middle grades (MS-PS1-4). Students should rely on the patterns
[CCC-1] they observe to form the questions [SEP-1] that will lead to the cause [CCC-2]

of such behaviors (“The more I heat water, the less dense it becomes. What is causing that
to happen?”). Students should start making inferences about the spacing between particles/
molecules in solids, liquids, and gases. They should also begin asking questions [SEP-1]
about how that spacing might affect other bulk properties (“Does changing the temperature
affect the surface tension of water?”) and be able to plan investigations [SEP-3] to

1106

Chapter 8

2016 California Science Framework

High School Four-Course Model: Chemistry
answer some of these questions (comparing warm and cold water in such experiments as
the number of drops that can be held on a penny or the height which water climbs in a straw
through capillary action). Students’ mental models [SEP-2] of pure substances should
include particles that push one another apart when they collide and yet have some other
force that attracts them together. In solids, this attraction is quite strong and objects retain
their shapes. The strength of attraction in liquids varies substantially based on the substance
(students can examine the difference in properties of water and alcohol). In gases, there is
very little attraction between particles at all. These attractions are caused by electrical forces
between the particles. Much of this course focuses on the nature of these forces, which
govern the structural and electrostatic forces within and among atoms and molecules.
Water’s unique properties also make it an excellent platform for observing the behavior
of other pure substances and simple interactions between substances. After mixing different
compounds with water, students observe their solubility, their ability to conduct electricity,
and any changes in temperature that might occur. When choosing compounds, students
should study multiple types that might include salts, acids, bases, hydrocarbons, and oxides.
Some chemistry courses might begin by discussing the types of bonds and have students
classify compounds according to those, but at this stage the terms could serve to either
confuse or bias the development of mental models [SEP-2] of what is actually happening
at the molecular level.6 When students conduct an investigation [SEP-3] to measure
the conductivity of different solutions, they gather evidence that there must be some
relationship between electricity and material properties. When they investigate [SEP-3]
the boiling points of water with different concentrations of salt, they gather evidence that
the salt must somehow be “attracting” the water and preventing it from escaping as a gas
(making this leap requires that students have a mental model of the different states of
matter at the molecular level from the middle grades, MS-PS1-4). Rather than memorizing
trends in bulk properties, HS-PS1-3 requires students to plan and conduct investigations
[SEP-3] that help them develop a mental model [SEP-2] of matter as moving particles

attracted together by electrical forces. At this point, students’ models of the causes of these
phenomena are likely to be incomplete and disjoint. They will return to HS-PS1-3 in IS3.

6. The distinction between ionic and covalent bonds is oversimplified and chemical bonds exist on a continuum of different
attractions. The goal is to get students to understand the nature of these attractions and how they govern behavior of atoms.
Terminology can be added later to refer to different aspects of students’ models.
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Chemistry Instructional Segment 2:
Structure of Matter
Understanding chemistry allows us to understand many things about the world
around us and to make decisions and discoveries to improve the quality of life. Often we
do not see the direct influence of chemistry in our lives, but it is all around us. From the
neodymium magnets that vibrate our cell phones to the plastics we use to protect and preserve our foods, chemistry is often overlooked and taken for granted. In this instructional
segment, students will learn about the structure and properties of matter so that they may
better understand how chemicals are used in both the natural and manufactured worlds
around them.

CHEMISTRY INSTRUCTIONAL SEGMENT 2:
STRUCTURE OF MATTER
Guiding Questions
• What is inside atoms and how does this affect how they interact?
• How does the structure of matter at the atomic scale explain patterns in the bulk properties
of matter?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-1. Use the periodic table as a model to predict the relative properties of elements based
on the patterns of electrons in the outermost energy level of atoms. [Clarification Statement:
Examples of properties that could be predicted from patterns could include reactivity of metals,
types of bonds formed, numbers of bonds formed, and reactions with oxygen.] [Assessment
Boundary: Assessment is limited to main group elements. Assessment does not include
quantitative understanding of ionization energy beyond relative trends.]
HS-PS1-2. Construct and revise an explanation for the outcome of a simple chemical reaction
based on the outermost electron states of atoms, trends in the periodic table, and knowledge
of the patterns of chemical properties. [Clarification Statement: Examples of chemical reactions
could include the reaction of sodium and chlorine, of carbon and oxygen, or of carbon and
hydrogen.] [Assessment Boundary: Assessment is limited to chemical reactions involving main
group elements and combustion reactions.]
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CHEMISTRY INSTRUCTIONAL SEGMENT 2:
STRUCTURE OF MATTER
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.A: Structure and
Properties of Matter

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

PS1.B: Chemical Reactions

[CCC-2] Cause and Effect:
Mechanism and Explanation
[CCC-6] Structure and
Function

CA CCSS Math Connections: N-Q.1–3
CA CCSS for ELA/Literacy Connections: RST.9–10.7; WHST.11–12.2, 5
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Through years of intense study, scientists have developed models that are very useful
in explaining and predicting the properties and behavior of matter. Middle grade students
are introduced to models [SEP-2] of atomic and molecular structure (MS-PS1-1), and
are familiar with basic properties of matter such as density, melting point, boiling point,
solubility, and flammability (MS-PS1-2). In high school, students develop a deeper
understanding of these models [SEP-2] and learn how to apply them to explain [SEP-6]
and predict chemical properties (HS-PS1-1), chemical reactions (HS-PS1-2), bulk properties
(HS-PS1-3), and chemical energetics (HS-PS1-2).
In the middle grades, students learn that the structure and properties of matter observed
on the macro-scale result from the structure and interaction of component particles too
small to be seen. Performance expectation HS-PS1-1 requires that high school students
build upon this understanding by applying the periodic table as a model [SEP-2] to predict
the relative properties of elements based on the patterns of electrons in the outermost
(valence) energy level of atoms. The NRC Framework states the following:
By the end of grade 12, students should understand that each atom has
a charged substructure consisting of a nucleus, which is made of protons
and neutrons, surrounded by electrons. The periodic table orders elements
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horizontally by the number of protons in the atom’s nucleus and places those
with similar chemical properties in columns. The repeating patterns of this
table reflect patterns of outer electron states. The structure and interactions of
matter at the bulk scale are determined by electrical forces within and between
atoms. The stability of matter is increased when the electric and magnetic
field energy is minimized. A stable molecule has less energy, by an amount
known as the binding energy, than the same set of atoms separated, and one
must provide at least this energy in order to take the molecule apart. (National
Research Council 2012)
The performance expectations in the middle grades do not require students to develop
a model of the atom’s internal workings; this sequence differs from the 1998 California
Science Content Standards in which the internal workings of the atom were introduced
in eighth grade and it is conceivable that students highly proficient in the CA NGSS
performance expectations for the middle grades have never heard the words protons,
neutrons, and electrons. The CA NGSS learning progression has been designed so that this
material is introduced at a time when it is developmentally appropriate and integrates with
their learning in other disciplines (in this case, a formal description of electrical attraction
with Coulomb’s Law in high school physics). Students do, however, have significant
experience recognizing patterns [CCC-1] and asking questions [SEP-1] about them.
They have analyzed data [SEP-4] about the bulk properties of matter and are ready to
begin relating them to the components that make up atoms.
Memorizing rules about the periodic table is not sufficient to meet HS-PS1-1. Instead,
students must understand and apply underlying models [SEP-2] of atomic structure and
interaction along with the principle of cause and effect [CCC-2] . They use these models to
explain [SEP-6] why the properties of the elements repeat in a periodic fashion [CCC-1]

and can use the periodicity to predict bulk properties of elements, their reactivity, and the
types and numbers of bonds they will form with other elements.
Dmitri Mendeleev, who developed the predecessor of the modern periodic table, realized
that the physical and chemical properties of elements were related to their atomic mass in
a periodic way and arranged the 63 elements known when he was working so that groups
with similar properties fell into vertical columns in his table. Students can build a mental
model of how the periodic table is arranged by using a physical model [SEP-2] as an
analog. By arranging color chips from a paint store into a matrix based on color and hue,
students can understand the power of such models by predicting the existence of color/hue
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chips that were removed from the final matrix before the chips were distributed. This exercise
mirrors the process Mendeleev used to predict the existence of elements not yet known.
Patterns [CCC-1] are a key crosscutting concept because they result from underlying

causes. Observed patterns not only guide organization and classification but also prompt
questions about relationships and the factors that influence them, and thereby lead to
a discussion of cause and effect [CCC-2] . When chemists organized elements in order
of increasing relative atomic mass, they noticed repeating, or periodic, patterns. For
example, they noticed trends in chemical reactivity were punctuated by elements that were
seemingly inert as shown in the high ionization energies of the noble gases in figure 8.11.
These patterns led chemists to suppose that there were underlying causes that created
these patterns. The recognition of these patterns thus contributed to our understanding of
atomic theory, the key model [SEP-2] that students are expected to apply in IS2 and IS3.
Using dynamic computer-based periodic tables, students can easily investigate a variety of
properties (such as atomic radius, first ionization energy, and electron affinity) and observe
periodic patterns [CCC-1] that provide evidence of patterns in underlying atomic structure.
Figure 8.11. Patterns in the First Ionization Energy of Different Elements

As students analyze plots of the properties of the elements as a function of atomic number, they
should notice and discuss trends and patterns such as the comparatively low ionization energies of
the alkali metals versus the high ionization energies of the noble gasses as seen in this plot of first
ionization energies. Source: RJHall 2010
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The practice of developing and using models [SEP-2] in the CA NGSS often calls
for students to develop their own models based on evidence they obtain directly. It took
decades for the scientific community to develop models of the substructure of atoms that
explain the patterns in the periodic table. One approach that helps students develop their
own models is through a historical presentation of the evidence. A historical summary
demonstrates how these models were repeatedly revised following revolutionary discoveries,
starting with the billiard ball model and eventually culminating in Bohr’s model and our
modern quantum mechanical model. This sequence parallels the learning progression
outlined in the CA NGSS during which students come into high school chemistry with the
billiard ball model of atoms and leave with mastery of a more modern version (a quantum
mechanical model of the atom is not assessed as part of the CA NGSS, so the working
model adopted in individual classrooms depends on the local context. Bohr’s model
produces sufficient predictive power to meet the performance expectations in the CA
NGSS). Students can make these models on their own by obtaining information [SEP-8]
from the Internet about various analogies of atomic structure (Goh, Chia, and Tan 1994)
and evaluating [SEP-8] the limitations of these models.

Opportunities for ELA/ELD Connections
Assign (or have students select) one of the various historical models of the atomic structure to research on the Internet. (A group of students can share the same model.)
Each student can research and make their model, and then present the highlights of
the model to a group or the class. If you have samples of excellent work completed
in previous years or by students in a different period, show them to students who
might benefit from this support. They can use the material to visualize or refer to an
end product.
CA CCSS for ELA/Literacy Standards: SL.9–12.4, 5; RST.9–12.2; WHST.9–12.6
CA ELD Standards: ELD.PI. 9–12.6, 9

Students can then interpret the trends on the periodic table in light of their underlying
model for atomic structure. They relate the overall order of the periodic table to the number
of protons and electrons in the atom’s outermost energy level. Students can then develop
a simple model of interactions between atoms based on their electron configuration (figure
8.12). They should be able to use the periodic patterns of electron configuration in the
periodic table to predict properties such as the overall reactivity of metals and the number
of bonds an atom can form (HS-PS1-1), as well as being able to predict the outcome of
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simple chemical reactions (HS-PS1-2). For example, students should be able to predict that
sodium is likely to lose electrons when interacting with other elements because it has only
one loosely held electron in its valence shell, as indicated by its position in the first family.
Similarly, they should be able to predict that sodium will react strongly with chlorine because
chlorine tends to gain electrons due to its high electronegativity associated with its nearly
filled valence shell as indicated by its position in the seventeenth family. Finally, they should
be able to predict that the resulting sodium cation and chloride anion will be attracted to
each other and form an ionic bond by applying the principles of electrostatic attraction.
Figure 8.12. Models of Atomic Structure Explain Periodic Trends

Na
Sodium atom

Cl
Chlorine atom

Na+
Sodium ion

ClChlorine atom

NaCl
Sodium Chloride
Students should predict trends within the periodic table based upon an application of models of atomic
structure such as the Bohr model and octet rule illustrated here. Source: Adapted from OpenStax
College 2013

It is not sufficient for students to memorize and blindly apply rules for chemical bonding.
Rather, they must develop explanations [SEP-6] for why atoms of main-group elements
tend to combine in such a way that each atom has a filled outer (valence) shell, giving it
the same electronic configuration as a noble gas (octet rule). To meet this performance
expectation, students must describe thermodynamic principles that dictate that atoms will
react with one another to transition to a more stable (lower energy) state. Filled orbitals,
such as occur in a full octet state, are more symmetrical than other configurations, and
such symmetry leads to greater stability. In addition, the electrons present in the different
orbitals of the same sub-shell in a full octet can freely exchange their positions, leading to
a decrease in exchange of energy and thus a lower net energy. The energy state is also
affected by its electrical charge; an electrically neutral state has lower energy, and thus
is more stable than an electrically charged state. For example, students should be able to
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explain that table salt (NaCl) is the result of Na+ ions and Cl- ions bonding. If sodium metal
and chlorine gas mix under the right conditions, they will form salt as the sodium loses
an electron, and the chlorine gains that electron. In the process, a great amount of light
and heat is released, and the resulting salt thus has much lower energy and is relatively
unreactive and stable, and won’t undergo any explosive reactions like the sodium and
chlorine that it is made of. Students will return to this idea again when they discuss bonding
energy in IS3.
HS-PS1-2 requires students to construct explanations [SEP-6] and argue from
evidence [SEP-7] rather than memorize facts and trends. Students should understand

the basis for trends and patterns [CCC-1] shown in figure 8.13 and be able to explain
the different types of chemical reactions. Once students understand the reasons for the
trends observed in the periodic table, they can subsequently predict chemical reactions of
significance in both the physical and biological realm. For example, by noting that carbon is
in the fourteenth family, students should conclude that it therefore has four valence electrons
that can be shared by such elements as hydrogen and oxygen and explain the existence of
hydrocarbons based upon valence electron patterns.
Figure 8.13. Patterns and the Periodic Table

Students should understand the basis for trends and patterns in the periodic table, and be able to
explain the types of chemical reactions and resulting bonds that occur between elements. Source: M.
d’Alessio
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Chemistry Instructional Segment 3:
Understanding Chemical Reactions
According to the NGSS storyline:
[The performance expectations in the topic] “Chemical Reactions” help
students formulate an answer to the questions: “How do substances combine
or change (react) to make new substances? How does one characterize
and explain these reactions and make predictions about them?” Chemical
reactions, including rates of reactions and energy changes, can be understood
by students at this level in terms of the collisions of molecules and the
rearrangements of atoms. Using this expanded knowledge of chemical
reactions, students are better able to understand a variety of important
biological and geophysical phenomena, from cellular metabolism to reactions
that form minerals and prepared to be critical consumers of information, so
that they can engage in public discussion using evidence-based argumentation
not only around science-related issues but across a broad range of topics.
Students are also able to apply an understanding of the process of optimization
in engineering design to chemical reaction systems. The crosscutting concepts
of patterns, energy and matter, and stability and change are called out as
organizing concepts for these disciplinary core ideas. In these performance
expectations, students are expected to demonstrate proficiency in developing
and using models, using mathematical thinking, constructing explanations, and
designing solutions; and to use these practices to demonstrate understanding
of the core ideas. (NGSS Lead States 2013f)
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CHEMISTRY INSTRUCTIONAL SEGMENT 3:
UNDERSTANDING CHEMICAL REACTIONS
Guiding Questions
• What holds atoms together to make molecules?
• Why do some combination of elements react and others do not?
• How do organisms harness energy from the chemical bonds in their food?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a chemical
reaction system depends upon the changes in total bond energy. [Clarification Statement:
Emphasis is on the idea that a chemical reaction is a system that affects the energy change.
Examples of models could include molecular-level drawings and diagrams of reactions, graphs
showing the relative energies of reactants and products, and representations showing energy is
conserved.] [Assessment Boundary: Assessment does not include calculating the total bond energy
changes during a chemical reaction from the bond energies of reactants and products.]
HS-PS2-4. Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s Law
to describe and predict the gravitational and electrostatic forces between objects. [Clarification
Statement: Emphasis is on both quantitative and conceptual descriptions of gravitational and electric
fields.] [Assessment Boundary: Assessment is limited to systems with two objects.]
HS-PS3-5. Develop and use a model of two objects interacting through electric or magnetic
fields to illustrate the forces between objects and the changes in energy of the objects due to
the interaction. [Clarification Statement: Examples of models could include drawings, diagrams,
and texts, such as drawings of what happens when two charges of opposite polarity are near each
other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and
Using Models

PS1.A: Structure and
Properties of Matter

[CCC-1] Patterns

[SEP-5] Using Mathematical
and Computational Thinking

PS2.B: Types of Interactions

[CCC-2] Cause and Effect:
Mechanism and Explanation

PS3.C: Relationship
Between Energy and Forces

[CCC-5] Energy and Matter:
Flows, Cycles, and Conservation

CA CCSS Math Connections: A-SSE.1a–b, 3a–c; N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1; WHST.11–12.1.a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Students were introduced to chemical reactions in the middle grades. In particular, they
learned that substances react chemically in characteristic ways; and in a chemical process,
the atoms that make up the original substances are regrouped into different molecules, and
these new substances have different properties from those of the reactants. In addition,
they learned that the total number of each type of atom is conserved, and thus the mass
does not change; and that some chemical reactions release energy, others store energy
(PS1.B). Students in the middle grades demonstrated their understanding by analyzing
and interpreting data [SEP-4] describing the properties of substances before and after

the substances interact to determine if chemical reactions have occurred (MS-PS1-2), and
by developing and using models [SEP-2] to describe how the total number of atoms does
not change in a chemical reaction and thus mass is conserved (MS-PS1-5).
In this instructional segment, students build upon this understanding and their newly
acquired understanding of the properties and structure of matter (IS1 and IS2) to learn how
elements combine to form new compounds, the forces that hold them together, the forces
between particles and molecules, and the energy needed to break or form bonds. Students
will develop a conceptual model [SEP-2] of chemical bonding, which requires a shift
towards the three-dimensional learning of the CA NGSS (table 8.5).
Table 8.5. Instructional Shifts for Chemical Bonding in the CA NGSS
LESS OF …

MORE OF …

Students are told, and memorize, that
ionic bonds result from the transfer of
electrons from one atom to another
and covalent bonds from the sharing of
electrons between two atoms. Students
are then presented with differences in
the two types of bonding. They conduct
experiments to verify these differences.

Students observe how materials behave on their
own and with other substances. They recognize
patterns [CCC-1] that allow them to determine
that there must be two different categories of
materials. They use evidence about the properties
to infer the strength and properties of the bonds
that hold the materials together. Eventually, they
label these categories with the appropriate
scientific terms of ionic and covalent bonds.

An understanding of chemical structure is foundational to understanding properties of
matter, particularly those involved in chemical reactions that are key to a myriad of physical
and biological processes. Energy [CCC-5] is the capacity to perform processes and is
necessary to cause the motion and interaction of atoms and molecules. Once students
understand atomic structure and are able to predict simple chemical properties based upon the
position of an element in the periodic table, they are ready to investigate chemical energetics.
Performance expectation HS-PS1-4 requires students to develop models [SEP-2] that
illustrate the release or absorption of energy [CCC-5] from chemical reactions. Students can
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use graphs, diagrams, and drawings to model [SEP-2] changes in total bond energy, such
as those shown in figure 8.14 and use these tools to explain energy changes accompanying
chemical reactions. Scientists drafted the models in figure 8.14, like many pictorial models that
appear in textbooks. The models that those scientists produced when they were students were
unlikely to be as simple and complete as these final products, but they refined their models
over the years. Revising models [SEP-2] is an integral part of the nature of science.
Figure 8.14. Models of Energy Changes in Chemical Reactions

Reactants
Products
Time

Reactants

ENERGY

forming bonds

d)
Gibbs Free Energy

Gibbs Free Energy

c)

Chemical
System

breaking bonds

Chemical
System

f)

e)

b)

Enthalpy

a)

bonds break

bonds
form

Products
ENERGY

Time

Examples of a range of graphs, diagrams, and drawings developed by scientists as models of changes
in total bond energy. Students develop their own mental models for energy changes in chemical
reactions that they can express in pictorial models that may look like these. Source: M. d’Alessio.

In students’ models [SEP-2] of chemical reactions, original chemical bonds are broken
and new bonds form. Each of these changes affects the distribution of energy within
the chemical system, so they must extend their model [SEP-2] to include these energy
flows. Energy conservation [CCC-5] in chemical processes is, however, an abstract concept
and must be discussed and developed with care. Students conduct investigations [SEP-3]
to collect and analyze data [SEP-4] (both quantitative and descriptive observations) to
discover that some reactions appear to release energy to their environment while others
absorb it. In a more detailed model [SEP-2] of the energy flow, however, all chemical
reactions both absorb and release energy, just in differing amounts. Chemical bonds are not
tangible objects but actually the name given to a condition in which two atoms are attracted
together by electric forces. Chemical reactions involve separating two atoms (requiring work
to overcome their attraction, just like lifting a heavy load against the force of gravity) and
bringing a different combination of the atoms closer together (which releases energy, much
like a falling ball converts gravitational potential energy to kinetic energy as it is attracted
to the Earth and moves closer to it). Whether or not a chemical reaction gives off energy
overall depends on the relative magnitudes of these two energies. Chemists usually refer to
the potential energy related to the relative position of two interacting atoms in a chemical
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bond as the bond energy. By comparing the bond energy of the products with the bond
energy of the reactants, students can construct mathematical models [SEP-2] of the energy
in the system and predict whether or not energy will be absorbed or released. A simple
investigation to verify this model could include dissolving salt in water where the chemical
bond between sodium and chlorine is broken (requiring lots of energy). New attractions
between water and the sodium and chlorine are weak, so the particles remain relatively
far apart (releasing relatively little potential energy). The temperature of water goes down
when salt dissolves in it. Another example is the classic set of reactions that comprise
photosynthesis and respiration. The complex biochemistry of photosynthetic reactions is
not necessary at this stage, but the fact that the formation of biomass from carbon dioxide
and water requires energy input is an important understanding that has been stressed in
earlier grades. Energy input now can be understood in greater detail given comprehension
of the energetics of chemical bonds. The equations in figure 8.15 are the net result of a
number of other chemical reactions along the way (the various cycles involving ATP and
other intermediate molecules). The reason these other reactions are required is because
of the energy required to break bonds of the reactants apart (often called the activation
energy, which some models in figure 8.14 depict as a temporary increase in energy during
the chemical reaction). The intermediate stages involve certain proteins encoded by
deoxyribonucleic acid (DNA) to re-orient the molecules and reduce the activation energy.
Figure 8.15. Developmental Progression of Models of Energy in Chemical Reactions

Middle Grades

Introductory High School
Photosynthesis

Photosynthesis

Aerobic respiration
6 CO 2 + 6 H2 O + energy

energy out

C 6 H12 O6 +
6 O2
6 CO 2 +
6 H2O
progress of reaction

Aerobic respiration

bond energy

C 6 H12O 6 + 6 O 2

energy in

C 6 H12 O6 + 6 O2

Photosynthesis

Aerobic respiration

bond energy

6 CO 2 + 6 H 2O + energy

Advanced High School

C 6 H12 O 6 + series of intermediate
with smaller
6 O 2 reactions
activation energy

enabled by enzymes

6 CO 2 +
6 H2O
progress of reaction

Students can revise their models and make them more detailed over time. In the middle grades,
students use simplified equations for photosynthesis and aerobic respiration as a model of energy in
chemical reactions (left: note that middle grades students are not assessed on balancing chemical
equations). An introductory high school model of energy changes during these chemical reactions
includes details about bonding energy (middle). A more advanced model that integrates core ideas
from life science shows a series of intermediate chemical reactions inside cells each with a smaller
activation energy (right). Source: M. d’Alessio
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High School Four-Course Model Chemistry Snapshot 8.5:
Chemical Energetics
Both the CA NGSS and the California Common Core State Standards for
Mathematics (CA CCSSM) include the practice of developing and using
models [SEP-2] . CA CCSSM Math Practice Standard 4 (MP.4) states that high
school students should be able “to identify important quantities in a practical
situation and map their relationships using such tools as diagrams, two-way tables,
graphs, flowcharts and formulas.” Having taught for a number of years, Mr. S realized that
his chemistry students often memorized diagrams and charts presented in the textbook
without being able to apply these models to solving problems or explaining [SEP-6] the
complex phenomena that they represent.
Anchoring phenomenon: Hot and cold packs look identical on the outside but
use different ingredients to “spontaneously” change their temperature.

Mr. S developed a two-day lesson about modeling the energy in chemical bonds (HSPS1-4) as part of a larger instructional segment on chemical reactions. At the beginning
of class, Mr. S distributed reusable hot and cold packs used to treat sports injuries and
instructed his students to flex the bags, feel the change in temperature, measure the
temperature change using infrared thermometers obtained from the local building supply
store, and record these changes in a collaborative online database. Despite variations in
individual recordings among classmates, students noticed similar patterns [CCC-1] in the
temperature gains or losses for the hot and cold packs.
California Common Core State Standards for English Language Arts/Literacy in History/
Social Studies, Science, and Technical Subjects (CA CCSS for ELA/Literacy) standard
L.11–12.4b requires students to “apply knowledge of Greek, Latin, and Anglo-Saxon roots
and affixes to draw inferences concerning the meaning of scientific and mathematical
terminology.” Mr. H. wrote the words endothermic and exothermic on the board and
asked students to enter as many words as they know or can find that use the roots: end-,
ex- and therm- into an online form. Within a couple of minutes, the collaborative cloudbased list had grown to several dozen words, including exit, extinct, exotic, exoskeleton,
exocrine, extraterrestrial, endemic, endocrine, endosperm, thermometer, thermistor,
thermophilic, and thermoregulation. Mr. S then prompted his students to predict the
meaning of these roots based upon the meanings shared by the words that contained them.
Mr. S monitored their predictions as they entered them in an online input form and called
upon students whose digital responses demonstrated understanding and who had not
shared with the class recently. He asked these students to explain the meanings of these
roots and predict the meanings of the words endothermic and exothermic. After clarifying
that endothermic means absorbing heat, while exothermic means releasing heat, Mr. S
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High School Four-Course Model Chemistry Snapshot 8.5:
Chemical Energetics
asked students to identify the hot and cold pack reactions as being either endothermic or
exothermic, and he once again assessed their responses from the online form.
Confident that his students had an intuitive understanding of exothermic and
endothermic reactions as well as the vocabulary to describe these reactions, Mr. S
projected a slide comparing several different annotated graphs (figure 8.14) and said,
“Different people drew these diagrams to describe chemical reactions. What patterns
[CCC-1] do you observe? Submit your thoughts to our online form.” Scanning student
responses, Mr. S formatively assessed the ability of his class to observe salient patterns,
and noticed that the majority had noted that multiple drawings included one or more
of the following features: two axes, time/progress axis, energy/enthalpy axis, changing
molecular models, changing chemical formulas, changing energy values, and/or arrows
indicating that energy is absorbed or released. Mr. S then selected Isabella, a student who
had not had an opportunity to share in the last few days, to explain her observations.
Isabella was confident that she had something significant to share because she knew
that Mr. S pre-screened student responses in the cloud and only called on students who
had demonstrated that they had something worthy of sharing. Isabella commented on
the similarities and differences between the diagrams and explained that the model in
the upper left might have represented the heat pack while one next to it might have
represented the cold pack. Mr. S asked her to provide evidence to support her argument
[SEP-7] , which she did. Mr. S then asked other students to share their observations and
concluded by emphasizing that there are multiple ways to model or represent natural
phenomena, and that each has its strengths and weaknesses. He then emphasized that
some models are better at explaining or predicting phenomena than others, and that we
should strive to improve our models [SEP-2] of the natural world to better explain the
complex processes they represent.
Mr. S emphasized the idea that a chemical reaction affects the energy change of
a system and can be modeled [SEP-2] with molecular-level drawings and diagrams
of reactions, graphs showing the relative energies of reactants and products, and
representations showing energy is conserved (also represented in figure 8.14). After
explaining each model, Mr. S assigned as homework an online quiz that assessed student
understanding of each type of model.
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High School Four-Course Model Chemistry Snapshot 8.5:
Chemical Energetics
Investigative phenomenon: Different chemical reactions produce different
temperature changes.

On day 2, students planned and conducted investigations [SEP-3] using probes and
computer probeware to continuously monitor the temperature change accompanying the
following reactions:
1. CaO(s) + H2O(l)  Ca(OH)2(s)
(lime + water)
2. NH4NO3(s) + H2O (l)  NH4+(aq) + NO3-(aq)
(ionization of ammonium nitrate, a fertilizer)
3. HCl(dilute) + NaOH(dilute)  H2O + NaCl (neutralization)
4. NaCl + H2O  Na+(aq) + Cl-(aq) (dissolving table salt)
5. CaCl2 + H2O  Ca+(aq) + 2Cl-(aq) (de-icing roads)
6. NaHCO3(s) + HCl(aq)  H2O(l) + CO2(g) + NaCl(aq) (neutralization)
7. CH3COOH(aq) + NaHCO3(s)  CH3COONa(aq) + H2O(l) + CO2(g)
(baking soda and vinegar)
8. C12H22O11 + H2O (in 0.5M HCl)  C6H12O6 (glucose) + C6H12O6
(fructose) (decomposing table sugar)
9. KCl + H2O  K+(aq) + Cl-(aq) (dissolving potassium chloride)
10. NaCl + CH3COOH(aq)  Na+(aq) + CH3COO- + HCl
(preparing HCl to clean tarnished metals)
Students took screen captures of the temperature plots, classified each reaction as
endothermic or exothermic, and represented each reaction using two or more of the
model types shown in figure 8.14, or an additional model type that they developed
on their own. When writing their lab reports, students applied scientific principles and
evidence to construct explanations [SEP-6] for the thermal changes [CCC-7] that they
had observed in each reaction.

Most of students’ observations of bonding energy were at the macroscopic scale though
their model of chemical bonds themselves includes an understanding of the role of charges
and attractions at the atomic scale [CCC-3] . Students performed investigations into bulk
properties in IS1 and IS2 (HS-PS1-3) so that they could explain [SEP-6] these differences
in terms of chemical bonds. When considering ionic bonds, this model includes attractions
between charged particles related to Coulomb’s Law, which is assessed in the high school
physics course (HS-PS2-4 and HS-PS3-5). Students will learn how the nucleus of one atom
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has enough attractive force to pull one, two, or three electrons away from nuclei that do
not have the same attractive force on their own electrons. By applying the principles of
electrostatic attraction, students should be able to predict that the resulting cations and
anions will be attracted to each other and form ionic bonds. However, if either ion feels a
stronger attraction to a different particle, then the existing bond is easily broken. Knowing
that when salt dissolves in water, its bonds are broken, what can students infer about the
charge of water molecules?
Materials with high boiling points are more likely to be bonded together more stably
than materials with lower boiling points. As two non-metals come very close to one another,
the respective orbitals of the atoms overlap, trapping two electrons in the energy field,
creating the covalent bond (HS-PS3-5). Differences in how these ionic and covalent bonds
are created (figure 8.16) are often overlooked, resulting in oversimplified definitions. To
properly explain [SEP-6] the link between bulk effects and microscopic causes [CCC-2]
(HS-PS1-3), students must develop robust models of how these bonds form.
Once students have a much more detailed microscopic model of chemical bonds, they
can consider bonding energy again in terms of electromagnetic potentials and Coulomb’s
Law (HS-PS2-4). They can also investigate [SEP-3] other forms of attraction such as polar
attractions and intermolecular forces. The clarification statement of HS-PS1-3 specifies
that students do not need to refer to these attractions by name, but they should be able
to investigate properties like surface tension and viscosity and provide a model-based
explanation of how these properties relate to microscopic electromagnetic attractions.
Figure 8.16. Models of Covalent, Polar Covalent, and Ionic Bonding

Students should be able to develop and explain models of covalent, polar covalent, and ionic bonding.
Source: M. d’Alessio
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Opportunities for ELA/ELD Connections
Students write an informative/explanatory text about IS3, Understanding Chemical Reactions, based on models and discussions about chemical reactions, forces and changes
in energy of objects due to interactions and models of covalent and ionic bonding.
(Note: Some English learners hit a plateau in the development of English when they
become functionally proficient or when their English is good enough to get by. Encourage these students to continue to develop their proficiency by asking them to expand
and enrich their ideas verbally and in their writing.)
CA CCSS for ELA/Literacy Standards: WHST.9–12.2
CA ELD Standards: ELD.PI. 9–12.10

Chemistry Instructional Segment 4:
Modifying Chemical Reactions
In the middle grades, students developed models to predict and describe
changes in particle motion, temperature, and state of a pure substance when thermal
energy was added or removed (MS-PS1-4). Building upon this understanding and what they
have just learned about chemical reactions in IS3, students are prepared to investigate
factors that influence and modify chemical reactions.

CHEMISTRY INSTRUCTIONAL SEGMENT 4:
MODIFYING CHEMICAL REACTIONS
Guiding Questions
• How can we alter chemical equilibrium and reaction rates?
• How can we predict the relative quantities of products in a chemical reaction?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-5. Apply scientific principles and evidence to provide an explanation about the effects
of changing the temperature or concentration of the reacting particles on the rate at which a
reaction occurs. [Clarification Statement: Emphasis is on student reasoning that focuses on the
number and energy of collisions between molecules.] [Assessment Boundary: Assessment is
limited to simple reactions in which there are only two reactants; evidence from temperature,
concentration, and rate data; and qualitative relationships between rate and temperature.]
HS-PS1-6. Refine the design of a chemical system by specifying a change in conditions that
would produce increased amounts of products at equilibrium.* [Clarification Statement: Emphasis
is on the application of Le Châtelier’s Principle and on refining designs of chemical reaction
systems, including descriptions of the connection between changes made at the macroscopic
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CHEMISTRY INSTRUCTIONAL SEGMENT 4:
MODIFYING CHEMICAL REACTIONS
level and what happens at the molecular level. Examples of designs could include different ways
to increase product formation including adding reactants or removing products.] [Assessment
Boundary: Assessment is limited to specifying the change in only one variable at a time.
Assessment does not include calculating equilibrium constants and concentrations.]

HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore
mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is on using
mathematical ideas to communicate the proportional relationships between masses of atoms in
the reactants and the products, and the translation of these relationships to the macroscopic
scale using the mole as the conversion from the atomic to the macroscopic scale. Emphasis is on
assessing students’ use of mathematical thinking and not on memorization and rote application
of problem- solving techniques.] [Assessment Boundary: Assessment does not include complex
chemical reactions.]
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS1.B: Chemical Reactions

[CCC-1] Patterns

ETS1.C: Optimizing the
Design Solution

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-5] Using Mathematical and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

[SEP-7] Engaging in Argument
from Evidence

[CCC-7] Stability and
Change

CA CCSS Math Connections: N-Q.1-3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 2; WHST.11–12.7
CA ELD Connections: ELD. PI.11–12.1, 5, 6a–b, 9, 10, 11a
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In this instructional segment students expand their model [SEP-2] of chemical
reactions as processes where these bonds are broken apart, typically because two or
more molecules collide and the atoms are rearranged, resulting in molecules with new
properties. Students will find different ways to express cycles of matter [CCC-5] within
chemical systems [CCC-4] . Matter is conserved because the same set of atoms is present
in the final state (product) as was there in the initial state (reactant). By the completion of
this instructional segment, students are able to use stoichiometric principles as evidence
of, and examples of, the conservation of matter. Students must be able to explain the
relationship between the mathematics of chemical equations and the conservation of matter.
This instructional segment on chemical reactions emphasizes the crosscutting concepts
of stability and change [CCC-7] . Stability [CCC-7] refers to the condition in which
certain parameters in a system remain relatively constant, even as other parameters
change. Dynamic equilibrium is an example of stability in which reactions in one direction
are equal and opposite to those in the reverse direction, so although changes are occurring,
the overall system remains stable. Dynamic equilibrium illustrates the principle of stability in
an environment undergoing constant change. If, however, the inputs are sufficiently altered,
a state of disequilibrium may result, causing significant changes in the outputs. Performance
expectation HS-PS1-5 requires students to create a scientific explanation [SEP-6] about
what cause and effect [CCC-2] by applying “scientific principles and evidence to provide
an explanation about the effects of changing the temperature or concentration of the
reacting particles on the rate at which a reaction occurs.” After studying basic principles
of chemical kinetics, students are prepared to investigate the response of reaction rates
to varying temperatures and concentrations of reactants. For example, students can mix
baking soda (sodium hydrogen carbonate, NaHCO3) and vinegar (acetic acid, CH3COOH) in
sealed sandwich bags and gauge the speed and degree of reaction by the rate and amount
of CO2 gas produced as indicated by the swelling of the bag: NaHCO3 (aq) + CH3COOH
(aq)  CO2 (g) + H2O (l) + CH3COONa (aq). Students can investigate [SEP-3] the role of
the quantity of molecular collisions by repeating the activity with differing concentrations
of vinegar. They can then investigate [SEP-3] the role of temperature by warming or
cooling the reactants while keeping their concentrations constant. By observing the swelling
of the bags in response to varying temperatures and concentrations, students should
discover that those factors that increase the number and energy of molecular collisions
(increased concentration and temperature of reactants) result in increased reaction rates.
Combining a conceptual model with experimental evidence, students can thus provide
reasoned explanations [SEP-6] for factors influencing chemical reaction rates.
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Once students understand the effect of changing the concentration of reactants and
products on reaction rates, they are ready to apply their understanding to novel situations.
Performance expectation HS-PS1-6 requires students to “refine the design of a chemical
system by specifying a change in conditions that would produce increased amounts of
products at equilibrium.” By applying Le Châtelier’s Principle, students can predict ways to
increase the amount of product in a chemical reaction. To “refine the design of a chemical
system,” students must first be able to measure output and then test the effectiveness
of changing the temperature and relative concentrations of reactants and products. For
example, gas pressure is reduced and heat is produced when hydrogen and nitrogen
combine to form ammonia (figure 8.17). According to Le Châtelier’s Principle, the reaction
can proceed to produce more ammonia by increasing the pressure and/or by dropping the
temperature. Conversely, more ammonia will decompose into hydrogen and nitrogen by
lowering the pressure and/or raising the temperature.
Figure 8.17. Le Châtelier’s Principle

HYDROGEN
MOLECULES

+

NITROGEN
MOLECULES

FORWARD REACTION
INCREASED BY RISE IN
PRESSURE, DROP IN
TEMPERATURE

AMMONIA
MOLECULES

BACKWARD REACTION
INCREASED BY LOWER
PRESSURE, HIGHER TEMPERATURE

Nitrogen and hydrogen combine to form ammonia. As they do so, the gas pressure is reduced
and heat is given out. According to Le Châtelier’s principle, to make the reaction proceed
‘left to right’ high pressures and low temperatures are needed.
GAS PRESSURE IS
REDUCED BY
COMBINATION
OF HYDROGEN AND
NITROGEN MOLECULES
COMBINATION
REACTION GIVES
OUT HEAT

Students should be able to apply Le Châtelier’s Principle to predict ways to increase the product of a
chemical reaction. Source: The Worlds of David Darling 2015

As students tackle HS-PS1-6, they must invoke the engineering strategies specified
in HS-ETS1-2 in which they are required to “design a solution to a complex real-world
problem by breaking it down into smaller, more manageable problems.” For example,
students might be challenged to increase the amount of precipitated table salt in solution
2016 California Science Framework

Chapter 8

1127

High School Four-Course Model: Chemistry
[NaCl(s)  Na+(aq) + Cl-(aq)] without adding more salt. By experimenting with the
addition of other sodium salts, students may discover that an increase in free sodium ions
shifts the reaction in favor of the precipitate. To optimize the production of sodium, students
may also experiment with changes in temperature, discovering that decreases in temperature
favor the production of precipitate. In doing such investigations, students are applying the
engineering skill of optimization as they refine their design to increase productivity.
The first two performance expectations in this instructional segment deal with chemical
kinetics, the study of the rates of chemical processes. Chemical kinetics investigates how
the speed and yield of chemical reactions can be influenced by different conditions. The
final performance expectation in this instructional segment requires students to “use
mathematical representations to support the claim that atoms, and therefore mass, are
conserved during a chemical reaction” (HS-PS1-7). The most obvious way to accomplish
this performance objective is by understanding and applying the basic principles of
stoichiometry through laboratory investigations, problem solving, and reinforcement with
apps and programs. The word stoichiometry derives from two Greek words: stoicheion
(meaning element) and metron (meaning measure). Stoichiometry is based upon the law
of the conservation of mass and deals with calculations about the masses of reactants and
products involved in a chemical reaction.
The law of definite proportions, sometimes called Proust’s Law, states that a chemical
compound always contains exactly the same proportion of elements by mass. An equivalent
statement is the law of constant composition, which states that all samples of a given
chemical compound have the same elemental composition by mass. Students must learn
that compounds appear in whole-number ratios of elements and that chemical reactions
result in the rearrangement of these elements into other whole-number ratios. Students
can develop a deeper understanding of the principles involved in HS-PS1-7 by massing and
comparing the reactants and products of simple chemical reactions. For example, if students
dehydrate copper sulfate pentahydrate (CuSO4.5H2O) into the anhydrous salt (CuSO4) by
heating, they will find that the ratio of the mass of the resulting copper sulfate (dry mass)
to water (the mass lost in dehydration) is always the same, regardless of how much copper
sulfate pentahydrate is used. Students can infer that because the ratio of the component
molecules in such a dehydration reaction remains constant, then the ratio of component
elements must also remain constant. By applying mathematical thinking [SEP-5] ,
students learn to balance chemical reactions and predict relative quantities of products.
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HIGH SCHOOL FOUR-COURSE MODEL CHEMISTRY VIGNETTE 8.2:
CHEMICAL EQUILIBRIUM
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-6. Refine the design of a chemical system by specifying a change in conditions
that would produce increased amounts of products at equilibrium.* [Clarification Statement:
Emphasis is on the application of Le Châtelier's Principle and on refining designs of chemical
reaction systems, including descriptions of the connection between changes made at the
macroscopic level and what happens at the molecular level. Examples of designs could include
different ways to increase product formation including adding reactants or removing products.]
[Assessment Boundary: Assessment is limited to specifying the change in only one variable at a
time. Assessment does not include calculating equilibrium constants and concentrations.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics, as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS1.B: Chemical Reactions

[CCC-4] System and
System Models

[SEP-2] Developing and Using
Models
[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ETS1.A: Defining and
Delimiting Engineering
Problems

[CCC-7] Stability and
Change

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution

Highlighted California Environmental Principles and Concepts:
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
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HIGH SCHOOL FOUR-COURSE MODEL CHEMISTRY VIGNETTE 8.2:
CHEMICAL EQUILIBRIUM
CA CCSS Math Connections: A-SSE.1; F-BF.1; F-IF.4–7; F-LE.1–4; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.9–12.1, 2; RST.11–12.1, 2, 7–10;
WHST.9–12.1a–b, 2a, 6–10
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Introduction
Understanding chemical reactions prepares students to do more than just predict what will
form in the bottom of a test tube. This vignette introduces a story about the role of chemistry
in modern agriculture and the goal to eradicate global hunger. Students examine chemical
reactions in synthetic fertilizers and ask questions about how they could be produced more
efficiently. They play the part of chemical engineers, refining the chemical system so that it
produces the most reaction products for the least reactants
Length and position in course: This vignette illustrates a sample seven-day learning
progression within a larger curricular instructional segment on chemical reactions. Prior to this
learning event, students addressed questions such as “How can you alter reaction rates?” and
“How can you predict the relative quantities of products in a chemical reaction?”
5E Lesson Design : This sequence is based on an iterative 5E model. See chapter 11 on
instructional strategies for tips on implementing 5E lessons.
Day 1: Questioning a Discrepant Event
Students observe a flask of clear liquid turn blue when it is shaken and ask questions
about what happened.
Day 2: Exploring a System in Equilibrium
Students create a physical model of a chemical system in dynamic equilibrium by pouring
water back and forth between two containers.
Days 3–4: Equilibrium at the Atomic Level
Students explain equilibrium in chemical reactions by combining evidence from their
physical model and a computer simulation that makes the atomic scale visible. They assess
their mental model through an online video tutorial.
Day 5: Chemical Engineering and Modern Agriculture
Students obtain and evaluate information about world hunger, how synthetic fertilizers
have helped increase agricultural productivity, the essential chemical reactions that enable
fertilizers to work, and the possible environmental impacts of fertilizer use.
Days 6–7: Altering Equilibrium
Students complete a chemical engineering design challenge during which they have to find
a way to disrupt different chemical systems that are in equilibrium and alter them so that they
increase the concentration of products.
Day 8: Explaining Results
Students explain how they achieve their design goals and then communicate their findings
to their peers. Upon reviewing one another’s findings, students refine their chemical systems
to see if they could improve the yield of products further.
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HIGH SCHOOL FOUR-COURSE MODEL CHEMISTRY VIGNETTE 8.2:
CHEMICAL EQUILIBRIUM
Day 1: Questioning a Discrepant Event (Engage)
Anchoring phenomenon: A flask of clear liquid spontaneously turns blue when
swirled, but the color quickly fades.

Mr. S designed a series of quick, introductory activities that would pique students’ curiosity
and help them connect prior knowledge to new learning. Knowing that his students were
fascinated with illusions and tricks, Mr. S prepared a “magic” trick that would leave his students
asking, “How did he do that?” Mr. S selected an activity that he referred to as “Feeling Blue,” a
discrepant event that generated unexpected results and engendered a “need to know” among
his students. Mr. S presented a flask with a clear liquid and asked his students to write down
everything that they observed. He then swirled the flask for fifteen seconds, and the liquid in
the flask “magically” turned blue. The students were already starting to ask questions when
they noticed that the color quickly disappeared. He then asked a student to come up and see if
they could repeat the “magic.” Once again, the liquid turned a vivid blue with swirling and clear
upon standing. Additional students volunteered to come forward and swirl the flask, but each
time the color change was less dramatic than before (figure 8.18).
Figure 8.18. Demonstration of Le Châtelier’s Principle (Equilibrium Law)

shake
& swirl

clear

D

E

blue

O2 + methylene blue (reduced)

clear

RH + OH–
R– + H2O
methylene blue (oxidized) + R–
methylene blue (reduced) + oxidation products of glucose

(colorless)

methylene blue (oxidized)
(blue)

Source: Herr and Cunningham 1999, 416
The students are now begging Mr. S to explain the trick, and he simply asked, “What
did you observe? What might this indicate? What did we learn in the previous instructional
segment?” Emma raised her hand and said, “Doesn’t color change generally indicate that a
chemical reaction has taken place? But no one added any chemicals to the flask!” to which
Jackson replied, “But there are chemicals in the air, and maybe one of them is reacting with
something in the liquid.” Lamarr then said, “Yeah, but what causes the color to disappear after
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the swirling stops and the flask is left to sit still?” Rather than answering their questions
directly, Mr. S employed Socratic questioning to stimulate critical thinking and illuminate ideas.
Mr. S asked his students to pull out their mobile devices and respond to these questions,
interspersed with further discussion and prompts: “What are five indications of a chemical
reaction? What is a chemical indicator? When have we used chemical indicators in the past?
What chemicals are in the air? Which one is the most reactive? Is there any evidence that
this might be a redox reaction? Are all reactions reversible? What might cause this reaction to
reverse upon standing?”
Students entered their responses into a collaborative online spreadsheet that Mr. S
monitored. Mr. S scanned the answers to look for ideas that demonstrated understanding
of the chemical processes involved. He called on specific students to explain their ideas
and engaged as many students as possible, including students generally reluctant to raise
their hands. This process affirmed the reasoning and ideas of his students and ensured full
engagement in the lesson.
Mr. S introduced Le Châtelier’s Principle, or the Equilibrium Law: When a system at
equilibrium is subjected to a change in concentration, pressure, volume, or temperature,
then the system readjusts itself to counteract the effect of the applied change until a new
equilibrium is established. He confirmed student hypotheses that the addition of oxygen
upon swirling disrupted equilibrium in the liquid, causing the reaction to proceed to the blue
state, and then once again asked students to enter a response with their mobile devices to
his question “What might cause the color to disappear?” As he assessed student responses
on his computer, Mr. S noted that 80 percent of his students had figured out that the lack of
free oxygen in the liquid upon standing must create another stress which favors the reverse
reaction, causing the chemical reaction to shift in the direction of the clear reactants.
Recognizing that his students were progressing well in the construction of their models
[SEP-2] of this chemical system, Mr. S discussed the phenomenon and its implications.
He explained that the solution was prepared by adding 8 gram (g) of potassium hydroxide
(KOH) to 300 milliliter (mL) of water in a flask, and then cooled prior to the addition of 10 g
of glucose and 2 drops of methylene blue indicator. To connect to their prior understanding
of acids and bases, Mr. S asked them to indicate if the solution he has described would be
basic or acidic? Once again he scanned student inputs and noticed that more than 90 percent
remembered that hydroxides create basic environments. He then explained that in a basic
environment, glucose (represented here as RH), is ionized to the R- anion, which then reacts
to reduce methylene blue to the colorless state,
RH + OH–  R– + H2O
methylene blue (oxidized)[blue] + R-  methylene blue

(reduced)

[clear]

When the flask is shaken, oxygen in the air oxidizes methylene blue, turning it blue.
O2 +methylene blue
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If the flask were allowed to rest on a table, equilibrium would be reached and the flask
would remain colorless. When the flask was shaken, oxygen from the atmosphere dissolved
into the solution, disrupting equilibrium. Le Châtelier’s Principle states that if any of the factors
determining equilibrium is changed, the system will adjust so that the change is minimized.
Thus, as oxygen levels rose as a result of shaking, methylene blue was again oxidized and the
blue color returned, but as oxygen levels fell with time upon standing, the reduction reaction
prevailed and the solution returned to its colorless equilibrium state. Students were reminded
of safety precautions and provided materials to test the reaction on their own.
Day 2: Exploring a System in Equilibrium (Explore)
Investigative phenomenon: (Students develop a physical model of equilibrium.)

During the explore phase of the 5E lesson sequence, students developed concepts,
processes, and skills through exploration and manipulation. To help students conceptualize
the invisible molecular processes required to reach chemical equilibrium, Mr. S provided an
analogous tangible activity in which students manipulated variables to observe how they
affected a physical equilibrium. Students were provided with two 1000 mL containers as well as
one 50 mL and one 100 mL beaker. Seven hundred mL of water with food coloring (to increase
visibility) was placed in container A but none in container B. Students record the volumes in
both beakers at “exchange zero.” They then used the 100 mL beaker to transfer water from
container A to container B while simultaneously using the 50 mL beaker to transfer water from
container B to container A, while keeping both containers flat on the table. An “exchange”
was defined as one transfer from A to B accompanied by a simultaneous transfer from B to A.
Students repeat the process, recording the volumes following each exchange (figure 8.19).
Figure 8.19. A Physical Model of Equilibrium

Students explore dynamic equilibrium using a kinesthetic, physical model in which the opposing
transfers of liquid between beakers represent forward and reverse chemical reactions. Source:
mrsbuskey 2009.
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The exchange process was halted once the levels in the containers did not change
noticeably for five or more exchanges, and students subsequently plotted their data using
online spreadsheets (figure 8.20). Mr. S explained that a dynamic physical equilibrium has been
reached when the levels no longer changed, and that this activity was analogous to chemical
equilibrium. Students were then asked to explain the analogy in an online form. Mr. S assessed
their understanding and confirmed that the water level in container A indeed represented the
concentration of reactants, while the water level in container B represented the concentration
of products, and that the water level in the 100 mL beaker represented the rate of the forward
reaction while the water level in the 50 mL beaker represented the rate of the reverse reaction,
and that the final water levels in containers A and B represented the concentrations of
reactants and products once dynamic equilibrium has been reached. This activity encouraged
students to develop and use models [SEP-2] as well as to apply the crosscutting concept
of systems and system models [CCC-4] .
Figure 8.20. Fluid Levels Recorded from the Physical Model
800

Fluid Levels
Volume Beaker A
Volume Beaker B

Volume (mL)

600

400

200

0

0

5

10

15

20

Exchanges

Students share their data using an online form that inputs data into a collaborative
spreadsheet. The data is instantly averaged and plotted and is accessible to all students for
analysis and discussion. Prepared by M. d’Alessio using Google Sheets.
Mr. S asked his students to predict what the final water levels in the containers would be
given specific ratios of water in the containers at “exchange zero.” Each lab group was assigned
a different ratio of water in the “reactants” container to water in the “products” container and
asked to measure the water levels once dynamic equilibrium was reached. Students reported
their values in a collaborative online database, which they referenced when writing a lab
report explaining class results for all starting ratios. Many students were surprised to find that
equilibrium levels were the same, regardless of the starting water levels in the reactants and
products containers. By the end of this activity, students had developed a tangible system
model [SEP-2] to explain chemical equilibrium. In their model [SEP-2] , dynamic equilibrium

1134

Chapter 8

2016 California Science Framework

High School Four-Course Model: Chemistry

HIGH SCHOOL FOUR-COURSE MODEL CHEMISTRY VIGNETTE 8.2:
CHEMICAL EQUILIBRIUM
was dependent upon the size of the transfer beakers, not on the initial water levels in the
containers. Student models explained that water levels in the transfer beakers were analogous
to forward and reverse chemical reaction rates, and that equilibrium levels of water in the
containers were analogous to equilibrium concentrations of reactants and products.
Mr. S found that this activity was helpful in dispelling a number of misconceptions
concerning equilibrium. Students often hold the misconception that “equilibrium” means “equal
concentrations of reactants and products.” As students examined the equilibrium conditions,
they noted that although the water levels in container A and container B were not changing,
the amount of water in both containers at equilibrium was different, and by analogy, the
concentrations of reactants and products in a chemical reaction might be quite different
from each other once chemical equilibrium has been reached. This activity was also helpful
in dispelling misconceptions regarding the directionality of reactions. Chemical equations in
textbooks and handouts are often written with one right-pointing single-tipped arrow, creating
the impression that reactions proceed only in that direction. This activity illuminated this
misconception, as students realized that the equilibrium state could be approached from either
direction. In addition, many students held the misconception that chemical reactions ceased
once equilibrium had been reached. In this activity, they noted that although equilibrium had
been reached, liquid continued to flow from container A to container B, and from container B to
container A, and by inference realized that invisible molecular reactions continued even though
equilibrium had been reached. At this point, Mr. S explained that “dynamic” equilibrium implied
that there was no net change in reactants and products, not that reactions had ceased.
Mr. S then asked his students, “What will happen if we add 200 mL of water to container B
once dynamic equilibrium has been reached and the exchanges continue?” Students engaged
in a think-pair-share activity (a collaborative learning strategy in which students individually
think about the question before sharing their ideas with their classmates). Once students
had explained the rationale for their predictions, Mr. S asked them to resume the activity,
adding 200 mL of water to container B while continuing to make exchanges and record water
levels. In the process, students noticed that the addition of 200 mL to container B resulted in
a subsequent rise in the water level in container A, providing a nice segue to Le Châtelier’s
Principle: When a system at equilibrium is subjected to a change in concentration, pressure,
volume, or temperature, then the system readjusts itself to counteract the effect of the
applied change until a new equilibrium is established. Thus, a change in the water level
in container-B, (representing the concentration of the products), caused a readjustment in
the system such that there was a net movement of water from container B to container A
(representing the dominance of the reverse reaction relative to the forward reaction) until
dynamic equilibrium is reestablished.
Days 3–4: Equilibrium at the Atomic Level (Explain)
Over the next two days, students developed mental models and used them to explain the
phenomena they had just explored. The explain stage in 5E lesson design mirrors constructing
explanations [SEP-6] because the learners themselves should be constructing the explanation,
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not having the teacher explain things to them.
Students would, however, need some common vocabulary to discuss the phenomena they
had just explored. To assist language learners, Mr. S introduced the prefixes, roots, and suffixes
embedded in key terms such as dynamic, equilibrium, transfer, exchange, reaction, molecule,
reactant, and product. To help relate these terms to students’ prior knowledge, Mr. S instructed
his students to provide terms from everyday English that contained similar prefixes, roots,
and suffixes. Mr. S had found that this activity not only assisted English language learners in
acquiring academic language, but it also benefited native speakers as they learned to analyze
structure and see patterns in both scientific and everyday vocabulary.
Students gained further understanding of equilibrium and Le Châtelier’s Principle through
online simulations of chemical systems. Students changed variables (concentration of reactants,
concentration of products, temperature, pressure) one at a time and recorded changes in
the equilibrium conditions. They could directly test and refine their mental model [SEP-2]
of Le Châtelier’s Principle. Students entered their observations into an online collaborative
database and wrote a lab report in which they explained their findings using data collected in
the simulator by the entire class. Mr. S assessed student understanding by posing a variety
of “what-if” scenarios and asked students to predict the outcomes using their mental models
instead of the simulator. As they discussed each scenario with partners, they articulated
features of their models and learned from one another.
Figure 8.21. Online Simulation of Factors Affecting Equilibrium

To understand how stresses affect equilibrium, students changed one variable at a time in
online simulations and recorded and analyzed results. Source: PhET Interactive Simulations,
University of Colorado Boulder (PhET) 2015.
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To help students convert their mental model to a conceptual model based on chemical
equations, Mr. S developed a video quiz, adding images, text, and quizzes to an exemplary
online video concerning Le Châtelier’s Principle. During playback, the video paused, requiring
student responses to teacher prompts. Student inputs to each prompt were recorded by the
video quiz before the quiz advanced, providing accountability and ensuring that the video
was truly an interactive learning experience. Mr. S reviewed overall class performance on the
embedded questions to isolate common areas that needed further discussion.
Day 5: Chemical Engineering and Modern Agriculture (Extend, Elaborate)
Before introducing a chemical engineering design challenge, Mr. S introduced the complex
real-world problem of feeding the world’s growing population, and then showed how chemistry
could help through nitrogen fixation. Using multimedia, lecture, and discussion, Mr. S presented
the following information. According to the Food and Agriculture Organization of the United
Nations (2012), more than 800 million people suffer from chronic undernourishment, mostly in
developing countries (figure 8.22).
Figure 8.22. Global Distribution of People Who Suffer from Chronic
Undernourishment
2010–12
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1

1

Total = 868 million

Source: Food and Agriculture Organization of the United Nations 2012

Investigative phenomenon: Chemical fertilizers use ammonia. Ammonia synthesis
occurs slowly at room temperature but speeds up at low temperatures.

Although the reasons for world hunger and undernourishment are complex, one thing is
clear, if it were not for agricultural chemistry, the situation would be much worse. Chemistry
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has revolutionized agriculture and enabled yields far greater than anyone could have imagined
a century ago. Of all of the advances in agricultural chemistry, none is as significant as the
Haber process for making ammonia. Plants require nitrogen to synthesize proteins, grow,
and produce fruit, and although 78 percent of the Earth’s atmosphere is made of nitrogen, it
is not in a form that plants can use. Nitrogen is a fundamental part of chlorophyll, and when
leaves contain sufficient nitrogen, photosynthesis can proceed at high rates. Plant growth
and crop productivity are greatly enhanced when additional nitrogen is provided in the form
of ammonium nitrate, ammonium sulfate, or other nitrogen-rich compounds. The question
is “How does one fix atmospheric nitrogen into a form that can be used by plants?” Prior to
Haber, chemists had established the following equation for the synthesis of ammonia from
atmospheric nitrogen:

N 2(g) + 3 H2(g)  2 NH 3 (g)

ΔH = -92 kJ/mol

Although this reaction was well known, yields of ammonia were very small. Determined
to increase yields, Fritz Haber began to study this reaction in great detail, employing Le
Châtelier’s Principle to shift the reaction towards the right. Looking at the equation, one will
note that there are twice as many molecules of gas on the left side as on the right side. Thus,
pressure decreases when proceeding from left to right. Le Châtelier’s Principle suggests that
high pressure will force the reaction to the right so as to relieve the applied “stress.” Haber
noted that this is an exothermic reaction, as indicated by the 92 kilojoules per mole that are
given off ( H
2 k mol), and by applying Le Ch telier s rinciple, he determined that yield
could be increased if carried out at low temperatures. Applying Le Châtelier’s Principle once
more, Haber reasoned that a removal of the product (NH3, ammonia) would shift the reaction
towards greater yield. Since the condensation temperature of ammonia is higher than that
of nitrogen or hydrogen, Haber was able to increase yields by cooling the reaction mixture
until ammonia liquefied and could be removed from the reaction apparatus. Haber also
developed an iron-based catalyst to speed the reaction. Eventually, Haber achieved very high
yields of ammonia by creating conditions of high pressure and low temperature, accompanied
by a catalyst and continuous removal of ammonia. The Haber process of nitrogen fixation
revolutionized the production of nitrogen-based fertilizers, providing increased crop yields
worldwide (figure 8.23). It has been estimated that a third of the Earth’s more than 7 billion
people are fed thanks to the Haber process (Smil 1997).
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Figure 8.23. Haber Process of Nitrogen Fixation

An analysis of the Haber process of nitrogen fixation provides students the opportunity to make
connections between chemistry, chemical engineering, societal needs and history. Source:
Williams 2010

Investigative phenomenon: High concentrations of ammonia and other chemical
fertilizers are observed in local streams.

While fertilizers are extremely useful, students obtained and evaluated information [SEP-8]
about some of the negative effects [CCC-2] fertilizer use could have on ecosystems in
California (EP&C II, IV). Could they design a system that minimized the amount of fertilizer
that washed away into nearby streams? Are certain fertilizers less soluble in water than others?
Days 6–7: Chemical Engineering and Modern Agriculture (Extend, Elaborate)
Students applied their model of chemical equilibrium and Le Châtelier’s Principle to a
chemical engineering design problem during which they were required to manipulate a chemical
system so that it produced more products at equilibrium (HS-PS1-6).
Students began with an online tutorial during which they must explain how they can
change pressure, temperature, reactant concentrations, and product concentrations to
increase the yield of the products in equations below (figure 8.24):
Reaction
1

CH4(g) + 2O2(g)  CO2(g) + 2H2O(l)

-890.4

2

C3H8(g) + 5O2(g)  3CO2(g) + 4H2O(l)

-2219.2

3

2C8H18(l) + 25O2(g)  16CO2(g) + 18H2O(l)

-10943

4

2CH3OH(l) + 3O2(g)  2CO2(g) + 4H2O(l)

-1452

5

C2H5OH(l) + 3O2(g)  2CO2(g) + 3H2O(l)

-1367

6

C6H12O6(s) + 6O2(g)  6CO2(g) + 6H2O(l)

-2804
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Reaction
7

2CO(g) + O2(g)  2CO2(g)

-566.0

8

C(s) + O2(g)  CO2(g)

-393.5

9

4Al(s) + 3O2(g)  2Al2O3(s)

-3351

10

N2(g) + O2(g)  2NO(g)

+182.6

11

N2(g) + 2O2(g)  2NO2(g)

+66.4

12

2H2(g) + O2(g)  2H2O(g)

-483.6

13

2H2(g) + O2(g)  2H2O(l)

-571.6

14

N2(g) + 3H2(g)  2NH3(g)

-91.8

15

2C(s) + 3H2(g)  C2H6(g)

-84.0

16

2C(s) + 2H2(g)  C2H4(g)

+52.4

17

2C(s) + H2(g)  C2H2(g)

+227.4

18

H2(g) + I2(g)  2HI(g)

+53.0

19
20
21
22
23
24
25

H 2O

KNO3(s)  K+(aq) + NO3–(aq)

+34.89

H 2O

-44.51

H 2O

+14.78

NaOH(s)  Na+(aq) + OH–(aq)
NH4Cl(s)  NH4+(aq) + Cl–(aq)
H 2O

NH4NO3(s)  NH4+(aq) + NO3–(aq)
H 2O

NaCl(s)  Na+(aq) + Cl–(aq)
H 2O

LiBr(s)  Li+(aq) + Br –(aq)
H+(aq) + OH–(aq)  H2O(l)

+25.69
+3.88
-48.83
+55.8

Students applied what they had learned to predict how yields of various reactions might
be increased by adjusting pressure, temperature, reactant concentration, and product
concentration. Source: Calculated from Wikipedia 2017.

Investigative phenomenon: How can we shift a chemical reaction to yield more
products by adjusting the temperature, pressure, or by adding acids, bases, or other
salts or ions?

Satisfied with the results of the online work, Mr. S introduced students to a series of
chemical reactions and challenged them to predict how to use temperature, pressure, acids,
bases, or other salts or ions to disturb the equilibrium to increase product yield. After
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completing a safety quiz and acquiring safety goggles, lab coats, and gloves, students were
provided with a series of six test tubes containing solutions at equilibrium. In each case,
students had to examine the chemical reaction and determine how the reaction might be
shifted towards the products. Students were provided with indicators (phenolphthalein, methyl
orange) to determine pH, syringes for increasing or decreasing pressure, acids and bases for
adjusting pH, hot plates and ice for changing temperatures, and supplemental chemicals to
adjust ion concentrations. Students were encouraged to label all test tubes and containers
and to take photographs of each reaction so that they could review and analyze reactions in
greater details. Students were asked to write their predictions in their online lab reports and
upload movies (or before and after photographs) of color changes as evidence.
Na+(aq)+HCO3– (aq)  Na+(aq) + OH– (aq)+CO2(g)
[clear]

(indicator: phenolphthalein)

[pink]

NH3(aq)+H2O(l)  NH4(aq)+OH– (aq)
[clear]

(indicator: phenolphthalein)

[pink]

CH3COOH(aq)+ H2O(l)  H3O+(aq) + CH3COO– (aq)
[yellow]

(indicator: methyl orange)

[red]

Co2+(aq) + 4Cl– +heat (aq)  CoCl42– (aq)
[pink]

[blue]

Cu2+(aq) + 4Br – (aq)  CuBr42– (aq)
[blue]

[yellow]

Fe (aq) + SCN (aq)  FeSCN2+ (aq)
–

3+

[yellow]

[red]

Day 8: Explaining Results (Evaluate)
During the evaluation phase, learners assessed their results and communicated their
findings. Mr. S asked students to construct an argument from evidence [SEP-7] that they had
successfully shifted their chemical reaction to produce more products. Each group presented
one chemical system that they were particularly excited about. The first group described their
modification to the first chemical system. They cited the appearance of pink or an increased
intensity in pink color as evidence that they had achieved success, since the hydroxide ion in
the product (OH-) turns phenolphthalein pink. The group presenting the fourth equation cited
a shift from pink or purple to blue to indicate success in producing more CoCl42-. After reviewing
their findings, students had to explain how they could improve their yields or produce the same
yield with a smaller disturbance. For example, groups that added acid to their compound might
have been worried about the environmental impact of adding acid to the system (EP&C IV)
and tried to see if they could produce the same result with a temperature change. Comparing
these possible interventions and thinking about which would be easier to implement in different
conditions is one way to meet HS-ETS1-3. Students then proceeded to test their different
hypotheses, recording results with their cameras as before. Working within the constraints of
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resource availability and time, students presented their final results in an online lab report that
was shared with their class. This process of refining their chemical system was also a chance
for students to reflect on their own learning while summarizing their thoughts about the
experience in digital blog posts.

Vignette Debrief
This activity illustrated 3-D learning as students addressed HS-PS1-6.
SEPs. As students proceeded through the engineering cycle in this activity, they employed
most of the CA NGSS science and engineering practices. First they defined the problem
[SEP-1] : to design a chemical system that would result in the greatest yields at equilibrium
given the constraints of the resources provided and the time allotted. Next, they developed
and employed models [SEP-2] as they applied Le Châtelier’s Principle first to the physical
model on day 2 and then to chemical equations. They then planned and carried out
investigations [SEP-3] to determine success as measured by predicted color changes. They
then analyzed and interpreted data [SEP-4] to determine factors related to increased yield.
Using these data, they constructed explanations and designed improved solutions [SEP-6]
and engaged in arguments from evidence [SEP-7] to defend their new chemical systems.
Throughout the activity, students obtained and evaluated [SEP-8] data and communicated
[SEP-8] their findings by posting in their online lab reports.
DCIs. This vignette provided the framework for instruction of chemical equilibrium at the
high school level (PS1.B). In addition, students addressed all three engineering, technology,
and applications of science (ETS) DCIs. They defined and delimited the engineering problem
(ETS1.A) while they worked toward criteria and within constraints. They developed possible
solutions (ETS1.B) and shared their findings with the class through online lab reports. Finally,
students optimized their design solutions (ETS1.C) using evidence obtained from their
experiments (figure 8.25).

Figure 8.25. CA NGSS Engineering Design Cycle

Define

Attend to a broad range of considerations
in criteria and constraints for problems
of social and global significance

Optimize

Prioritize criteria, consider trade-offs, and
assess social and environmental impacts
as a complex solution is tested and refined

Develop Solutions
Break a major problem into smaller
problems that can be solved separately

As students proceed through this learning event, they engage in all aspects of the CA NGSS
engineering cycle. Source: NGSS Lead States 2013

1142

Chapter 8

2016 California Science Framework

High School Four-Course Model: Chemistry

HIGH SCHOOL FOUR-COURSE MODEL CHEMISTRY VIGNETTE 8.2:
CHEMICAL EQUILIBRIUM
CCCs. Students paid particular attention to the interaction between different chemical

species in a chemical system [CCC-4] . They evaluated the system’s stability and response
to change [CCC-7] as they designed environments that disturbed equilibrium to increase
product yield. After evaluating such data, students defended their redesigns by providing
arguments of presumed cause and effect [CCC-2] .
EP&Cs. By focusing on chemical fertilizers on day 5, this lesson provided opportunities
for students to explore the exchange of matter between natural and human systems (EP&C
II, IV). As written, the vignette only mentioned these topics, but adding a few additional
days could allow students to dive more deeply into the environmental issues surrounding
chemical fertilizers and the modern advances in organic agriculture that do not rely on
chemical fertilizers. The additional time would allow students to relate agricultural runoff to
broader issues in the water cycle (ESS2.C). Chemical interactions between water and different
fertilizers allow teachers to tie ESS2.C to chemistry and take ESS2.C to the high school level.
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
vignette, the students engaged in small group and partner discussions with their classmates
to explore chemical reactions (SL.9–12.1, 2). They made observations and recorded and
analyzed data. They also engaged in writing lab reports and constructed arguments from
evidence. (WHST.9–12.1a–b, 2a, 6–10). Both the conceptual and quantitative aspects of
chemical equilibrium required extensive mathematical thinking [SEP-5] . Teachers could
take advantage of specific connections to CCSS Math connections by emphasizing different
representations of equilibrium. Teachers would need to tailor the complexity of these
connections to the math level of their students. On day 2 as students created a physical
model, teachers could have asked students to construct an equation that fit the observed fluid
levels as a function of time. They would have found that linear and quadratic functions did
not model the data well, but an exponential function did (MP.4, F-BF.1, F-LE.1–4). Students
could have noticed that the rate of change was very fast at the beginning but slowed
later; then they could have asked questions about how this related to the structure of the
equation they wrote (F-IF.6). On day 5, students could have constructed the equation of the
equilibrium constant for the ammonia synthesis reaction. Students could have recognized the
structure of the equation as a multivariable equation with terms and coefficients (A-SSE.1).
Teachers could have prompted students to graph and interpret these functions from different
representations (F-IF.7), identified the key features of the functions (F-IF.4) and explicitly
discussed the domain over which they were valid (F-IF.5). Students discussed how each of
Haber’s changes (low temperature, high pressure, iron catalyst) would be expressed in the
equilibrium equations. Did the equilibrium constant change under these conditions, or was it
just a change in the terms? Through scaffolded discussions, students gained a more detailed
understanding of both the chemistry and the structure of the mathematical model.
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HIGH SCHOOL FOUR-COURSE MODEL CHEMISTRY VIGNETTE 8.2:
CHEMICAL EQUILIBRIUM
Resources
Andersen, Paul. 2014. “Equilibrium.” Posted at YouTube, http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link29.
Food and Agriculture Organization of the United Nations. 2012. The State of Food Insecurity in
the World 2012. Rome, Italy: Food and Agriculture Organization of the United Nations.
Herr, Norman, and James Cunningham. 1999. Hands-On Chemistry Activities with Real-Life
Applications. West Nyack, New York: Jossey-Bass.
mrsbuskey. 2009. “Bailing Beakers—Equilibrium in Chemistry Class.” Posted at YouTube http://
www.cde.ca.gov/ci/sc/cf/ch8.asp#link30.
NGSS Lead States. 2013. Appendix I. Engineering Design in the NGSS. http://www.cde.ca.gov/
ci/sc/cf/ch8.asp#link31.
PhET Interactive Simulations, University of Colorado Boulder (PhET). 2015. Reactions & Rates.
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link32.
Smil, Vaclav. 1997. “Global Population and the Nitrogen Cycle.” Scientific American 277 (1):
76–81.
Williams, Francis E. 2010. “Haber-Bosch-En.” Posted at Wikimedia Commons, http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link33
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Chemistry Instructional Segment 5:
Conservation of Energy and Energy Transfer
According to the NGSS storyline:
The Performance Expectations associated with the topic Energy help
students formulate an answer to the question “How is energy transferred and
conserved?” The disciplinary core idea expressed in the Framework for PS3
is broken down into four sub-core ideas: Definitions of Energy, Conservation
of Energy and Energy Transfer, the Relationship between Energy and Forces,
and Energy in Chemical Process and Everyday Life. Energy is understood as
quantitative property of a system that depends on the motion and interactions
of matter and radiation within that system, and the total change of energy
in any system is always equal to the total energy transferred into or out
of the system. Students develop an understanding that energy at both the
macroscopic and the atomic scale can be accounted for as either motions
of particles or energy associated with the configuration (relative positions)
of particles. In some cases, the energy associated with the configuration of
particles can be thought of as stored in fields. Students also demonstrate their
understanding of engineering principles when they design, build, and refine
devices associated with the conversion of energy. The crosscutting concepts
of cause and effect; systems and system models; energy and matter; and the
influence of science, engineering, and technology on society and the natural
world are further developed in the performance expectations associated with
PS3. In these performance expectations, students are expected to demonstrate
proficiency in developing and using models, planning and carrying out
investigations, using computational thinking, and designing solutions; and to
use these practices to demonstrate understanding of the core ideas. (NGSS
Lead States 2013f)
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CHEMISTRY INSTRUCTIONAL SEGMENT 5:
ENERGY CONSERVATION, TRANSFER, AND APPLICATIONS
Guiding Questions
• How is energy transferred and conserved?
• Why do some reactions release energy and others absorb it?
• How can energy from chemical reactions be harnessed to perform useful tasks?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS3-1. Create a computational model to calculate the change in the energy of one component
in a system when the change in energy of the other component(s) and energy flows in and out
of the system are known. [Clarification Statement: Emphasis is on explaining the meaning of
mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited
to basic algebraic expressions or computations; to systems of two or three components; and to
thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.]
HS-PS3-3. Design, build, and refine a device that works within given constraints to convert
one form of energy into another form of energy.* [Clarification Statement: Emphasis is on both
qualitative and quantitative evaluations of devices. Examples of devices could include Rube
Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of constraints
could include use of renewable energy forms and efficiency.] [Assessment Boundary: Assessment
for quantitative evaluations is limited to total output for a given input. Assessment is limited to
devices constructed with materials provided to students.]
HS-PS3-4. Plan and conduct an investigation to provide evidence that the transfer of thermal
energy when two components of different temperature are combined within a closed system
results in a more uniform energy distribution among the components in the system (second
law of thermodynamics). [Clarification Statement: Emphasis is on analyzing data from student
investigations and using mathematical thinking to describe the energy changes both quantitatively
and conceptually. Examples of investigations could include mixing liquids at different initial
temperatures or adding objects at different temperatures to water.] [Assessment Boundary:
Assessment is limited to investigations based on materials and tools provided to students.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics as well as possible social, cultural, and environmental impacts.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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CHEMISTRY INSTRUCTIONAL SEGMENT 5:
ENERGY CONSERVATION, TRANSFER, AND APPLICATIONS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and Using
Models

PS3.A: Definitions of Energy

[CCC-3] Scale, Proportion,
and Quantity

[SEP-3] Planning and Carrying Out
Investigations
[SEP-4] Analyzing and Interpreting
Data
[SEP-5] Using Mathematics and
Computational Thinking
[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

PS3.D: Energy in Chemical
Processes and Everyday
Life
ETS1.A: Defining and
Delimiting Engineering
Problems

[CCC-4] System and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

ETS1.B: Developing
Possible Solutions

Highlighted California Environmental Principles and Concepts:
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 7, 8, 9; WHST.9–12.7, 8, 9; SL.11–12.5
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

By the end of grade eight, students have developed a basic understanding of potential
and kinetic energy, and that temperature is a measure of the average kinetic energy of
matter (PS3.A). In addition, they have learned that energy is conserved and spontaneously
transfers out of hotter regions or objects into colder ones (PS3.B). Students will build upon
this knowledge, and their recently acquired understanding of the properties and structure of
matter (IS1 and IS2) and chemical reactions (IS3 and IS4), to gain a deeper understanding
of energy conservation, transfer, and applications.
Energy [CCC-5] is perhaps the most unifying crosscutting concept in all of science.

Energy is a property of both matter and radiation and is manifested as the capacity to
perform work, such as causing the motion or interaction of molecules on a microscale, or
the movement of machines or planets on a macroscale. Energy can change form, but it
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cannot be created or destroyed. On the microscopic scale, energy can be modeled [SEP-2]
as the motion of particles, or as force fields (electric, magnetic, gravitational) that mediate
interactions between such particles. At the macroscopic scale, energy is manifested in a
variety of phenomena such as motion, light, sound, electromagnetic fields, and heat.
Chemistry is often described as the “study of matter,” including the identification of the
substances of which matter is composed, the investigation of properties of matter, energy
flows in matter, and the ways in which matter interacts, combines, and changes. Heat is the
form of energy that flows between samples of matter because of differences in temperature.
The laws of thermodynamics define the fundamental physical quantities (temperature,
energy, and entropy) that characterize matter, and are therefore essential for understanding
matter and chemical interactions. The Zeroth Law of Thermodynamics states that two
systems in thermodynamic equilibrium have the same temperature and will not exchange
heat. If, however, two closed systems with different temperatures are brought into thermal
contact, heat will flow from the system of higher temperature to the system of lower
temperature until the two systems reach the same intermediate temperature in accordance
with the Second Law of Thermodynamics.
The First Law of Thermodynamics states that the total energy of an isolated system is
constant, and that although energy can be transformed from one form to another, it can
neither be created nor destroyed. The conservation of energy [CCC-5] is thus a unifying
theme in science because energy must always be accounted for in all exchanges, inviting
scientists to study its flow throughout the complex biological, chemical, physical, geological,
and astronomical systems they study. Energy transfers between organisms in food webs,
by wind and ocean currents on Earth, by light from one astronomical body to another, and
between molecules in chemical reactions, to name just a few processes.
Science students are expected to use mathematics to represent physical variables and their
relationships, and to make quantitative predictions. Performance expectation HS-PS3-1 requires
students to use mathematics and computational thinking [SEP-5] to “create computational
models to calculate the change in the energy of one component in a system when the change
in energy of the other component(s) and energy flows in and out of the system are known.”
This performance expectation requires students to apply thermodynamic principles in studying
the energy changes accompanying chemical reactions. In a chemical reaction, the energy
stored in chemical bonds may be converted into other forms of energy such as light and heat.
In chemical reactions, bonds in reactant molecules are broken and new bonds are formed.
Energy is required to break bonds and energy is released when bonds are formed. HS-PS3-1
requires students to model [SEP-2] such energy changes with algebraic expressions.
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Scientists can model [SEP-2] chemical reactions by programming computers with
mathematical expressions that describe the exchanges of matter and energy [CCC-5]
accompanying such reactions. Performance expectation HS-ETS1-4 requires students to “use
a computer simulation to model the impact of proposed solutions to a complex real-world
problem with numerous criteria and constraints on interactions within and between systems
relevant to the problem.” The real world is much more complex than textbook solutions
suggest. To give students a better understanding of such complexity, this performance
expectation requires that they evaluate the complexity involved in solving real-world
problems given the constraints within which scientists and engineers must work (HS-ETS1-1).
These two performance expectations (HS-PS3-1 and HS-ETS1-4) can be met using a variety
of computer applications that model chemical interactions for real-world problems, such
as optimizing the design of a battery for an electrical vehicle or designing a fuel cell to
minimize energy transformed to heat. As students master these performance expectations,
they learn how scientists use mathematical reasoning [SEP-5] to make predictive models
[SEP-2] . Through such experiences, students learn how to generate alternative solutions

to a problem, leading them to engage in performance expectation HS-ETS1-3 in which they
“evaluate a solution to a complex real-world problem based on prioritized criteria and tradeoffs that account for a range of constraints, including cost, safety, reliability, and aesthetics,
as well as possible social, cultural, and environmental impacts.”
After working with the First Law of Thermodynamics (Conservation of Energy), students
are ready to deal with the Second Law, which states that isolated systems always progress
toward thermodynamic equilibrium with maximum entropy. Equipped with the algebraic
skills necessary to model energy changes in chemical reactions, students will “plan and
conduct an investigation to provide evidence that the transfer of thermal energy when
two components of different temperature are combined within a closed system results in
a more uniform energy distribution among the components in the system” (HS-PS3-4). To
accomplish this, students could plan and carry out an investigation [SEP-3] of the Second
Law of Thermodynamics by measuring the temperatures and masses of two bodies of water
before and after mixing or the temperatures of metal blocks and water prior to and following
immersion. By repeating these investigations with differing quantities of materials, students
can apply the concept of scale, proportion, and quantity [CCC-3] to predict temperature
changes, equilibrium conditions, and magnitudes of energy transferred (HS-PS3-1).
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Engineering Connection:
The Chemistry of Global Energy Supplies
A key aspect of three-dimensional learning is that students use SEPs to apply CCCs
to DCIs in other fields of study. The flows, cycles, and conservation of energy
and matter [CCC-5] is one of the most unifying crosscutting concepts, providing
links between all of the sciences and many other fields of study as well, including
the social and behavioral sciences. Figure 8.26 illustrates the growth of the world
population during the last millennium, including a forecast for the twenty-first century.
Students should be able to read such a graph and recognize that there will be twice as
many people by 2100 as there were in 2000. Consequently, there will be an increased
demand for all resources (EP&C I), but particularly energy resources.
Figure 8.26. World Population Growth
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World population growth poses chemical resource challenges that students can analyze.
Source: IBISWorld 2013
Figure 8.27 shows trends in world energy consumption and illustrates that the
three major sources of energy worldwide are fossil fuels (oil, coal, and natural gas).
Students can obtain information about the impacts of fossil fuels on natural systems
that arise because harnessing the energy from fossil fuels also disrupts global cycles of
matter in the Earth system (ESS2.A; EP&C III, IV). Climate change results from rising
levels of greenhouse gases (e.g., carbon dioxide, methane, and nitrous oxide). Carbon
dioxide is released when fossil fuels react with oxygen during combustion, and students
can obtain information [SEP-8] about chemical methods of carbon sequestration
currently being researched. Natural gas, primarily methane, often leaks at many
locations between where it is pumped from the ground and where people eventually
use it. Students can obtain information [SEP-8] about cutting-edge technologies to
monitor leaks in real time.
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Engineering Connection:
The Chemistry of Global Energy Supplies
Acid rain results from nitrogen and sulfur oxides commonly released during combustion
of sulfur-rich fuels such as coal. Students could obtain information [SEP-8] about
the chemical technology used to minimize the release of sulfur dioxide. Since these
systems were mandated, acid rain has substantially declined in the United States.
Smog involves reactions between tailpipe emissions of cars and the air (with sunlight
adding some of the energy to break chemical bonds). Students could also obtain
information [SEP-8] about how improvements to the combustion efficiency of cars have
reduced smog. Students should do more than just explain the chemical reactions in each
of these processes. They should consider the criteria and constraints about society’s
need for clean air and clean water along with the need for more energy (HS-ETS1-1;
EP&C V). Students should be encouraged to break down the problem into smaller, more
manageable problems that can be solved through [chemical] engineering (HS-ETS1-2).
Figure 8.27. What Fuels Provide the World’s Energy?

Source: BP 2016

Throughout history, chemical compounds have served as the primary energy source
for civilizations. Primitive societies gathered and burned wood, releasing energy by the
oxidation of cellulose to cook food and warm homes. Thousands of years ago, people
started mining coal, which became prized because it yields more energy per unit mass and
can often be obtained in areas where wood is not readily available. Although petroleum has
been known for more than four thousand years, it was not tapped widely as a fuel source
until the middle of the nineteenth century. Today, fossil fuels are used to power internal
combustion engines to convert the chemical potential energy of fuels to kinetic energy in
moving vehicles. Similarly, combustion turbines convert the chemical potential energy within
fossil fuels to electromagnetic energy to provide electricity for industry and consumers.
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Engineering Connection:
Designing an Energy Conversion Device
Engineers have designed a range of devices to convert chemical potential energy
in organic matter to other forms of energy. Cars, gas furnaces, and wood stoves
are all examples. Students can build their own device to convert energy from one
form to another by designing [SEP-6] calorimeters that combust food to transform
chemical potential energy into light energy and thermal energy [CCC-5] (HS-PS3-3,
HS-ETS1-2). By using a calorimeter to measure the caloric density of various foods,
students can calculate [SEP-5] the approximate amount [CCC-3] of chemical
potential energy in such things as jellybeans, cashews, oily snack foods, and more. They
can then refine their design to convert the greatest percentage of chemical potential
energy from these foods into heat energy during combustion of the food so that it
provides the most reliable estimates of food energy (HS-ETS1-3). The efficiency of such
calorimeters may be estimated by dividing the thermal energy captured in the water
of calorimeters by the calculated caloric value present in the food prior to burning.
Regardless of the selected activities, students should apply scientific and engineering
reasoning to define problems [SEP-1] and design and optimize solutions [SEP-6] to
real-world devices that convert chemical potential energy into other energy forms.
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Concept Map of Chemistry Disciplinary Core Ideas
In meeting the performance expectations selected for this course, instructors must
introduce some DCIs as well as build on the DCIs introduced in the middle grades. Figure
8.28 shows a concept map with the relationships between DCIs introduced during the
middle grades and high school level. This concept map is not a conceptual flow with a
specific order or sequence nor is it a comprehensive illustration of all ideas that should be
taught in the courses. Nor does it illustrate interdisciplinary connections that should be
drawn. It may, however, be helpful in identifying how DCIs build from middle grades to high
school and relate to one another. This map is explicitly placed at the end of the instructional
segments so that readers view them with a full appreciation of how these DCIs must be
explored using the other two dimensions of CA NGSS as outlined in the course above. The
concept map is limited only to DCIs, so even if students had a full appreciation of what is in
these maps, they also need practice in doing science and engineering (SEPs) and identifying
big-picture relationships to other disciplines (CCCs).
Figure 8.28. Relationship of DCIs in Chemistry, including High School and
Middle Grades Content

Diagram by M. d’Alessio
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High School Four-Course Model: Physics
Introduction to the Physics Course
According to the Next Generation Science Standards:
Students in high school continue to develop their understanding of the four
core ideas in the physical sciences. These ideas include the most fundamental
concepts from chemistry and physics but are intended to leave room for
expanded study in upper-level high school courses. The high school performance
expectations in Physical Science build on the middle school ideas and skills and
allow high school students to explain more in-depth phenomena central not only
to the physical sciences, but to life and [E]arth and space sciences as well. These
performance expectations blend the core ideas with scientific and engineering
practices (SEPs) and crosscutting concepts (CCCs) to support students in

developing useable knowledge to explain ideas across the science disciplines.
In the physical science performance expectations at the high school level, there
is a focus on several scientific practices. These include developing and using
models, planning and conducting investigations, analyzing and interpreting data,
using mathematical and computational thinking, and constructing explanations;
and to use these practices to demonstrate understanding of the core ideas.
Students are also expected to demonstrate understanding of several engineering
practices, including design and evaluation. (NGSS Lead States 2013f)
Physical processes govern everything in the universe. All students in California should
have the opportunity to investigate [SEP-3] the relationships between physical events that
they observe and the fundamental underlying forces that cause [CCC-2] them.
The CA NGSS do not specify which phenomena to explore or the order to address topics
because phenomena need to be relevant to the students that live in each community and
should flow in an authentic manner. This chapter illustrates one possible set of phenomena
that will help students achieve the CA NGSS performance expectations. Many of the
phenomena selected illustrate California’s EP&Cs, which are an essential part of the CA
NGSS (see chapter 1 of this framework). However, the phenomena chosen for this statewide
document will not be ideal for every classroom in a state as large and diverse as California.
Teachers are therefore encouraged to select phenomena that will engage their students and
use this chapter’s examples as inspiration for designing their own instructional sequence.
For example, the course could be restructured around contemporary issues of health or
ecosystem change faced by a local community.
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This example course is divided into instructional segments centered on questions about
observations of a specific phenomenon. Different phenomena require different amounts
of investigation to explore and understand, so each instructional segment should take a
different fraction of the school year. As students achieve the performance expectations
within the instructional segment, they uncover Disciplinary Core Ideas (DCIs) from
physical science and engineering. Students engage in multiple practices in each instructional
segment, not only those explicitly indicated in the performance expectations. Students also
focus on one or two CCCs as tools to make sense of their observations and investigations;
the CCCs are recurring themes in all disciplines of science and engineering and help tie
these seemingly disparate fields together.
This section clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction to
science, serves as a senior capstone that integrates and applies science learning from all
previous science courses, or aligns with the expectations of advanced placement (AP) or
international baccalaureate (IB) curriculum.

Example Course Mapping for a Physics Course
This example course is divided into four instructional segments that group together
related component ideas within the DCIs (table 8.6). Care was taken in designing this
chapter so that it can be helpful for districts regardless of the sequence in which students
complete the four high school courses. As such, it lacks some of the rich interdisciplinary
connections that are possible. As schools and districts adopt a specific sequence, they can
take advantage of links to previous courses by making connections to this prior knowledge.
The level of mathematics used in this course will also vary based upon its sequence. High
school seniors should be capable of more advanced problem solving than this example
course requires, but meeting the performance expectations of the CA NGSS requires more
than just mathematical and computational thinking [SEP-5] . As assessments such as the
Force Concept Inventory illustrate (Hestenes 1998), many students can perform calculations
without developing rich mental models [SEP-2] that allow them to formulate evidencebased explanations or design solutions [SEP-6] to real-world challenges. The approach
outlined in this course should therefore even aid teachers that plan to go “beyond the
standards” with a more mathematically rigorous course by showing them ways that all of
the SEPs from the CA NGSS fit into a physics course and how the CCCs relate that course to
bigger issues that span across scientific disciplines.
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Table 8.6. Overview of Instructional Segments for High School Physics

1

Forces and Motion
Students make predictions using Newton’s Laws.
Students mathematically describe how changes in motion
relate to forces and momentum. They engage in a design
challenge to reduce the effects of a collision.

2

Types of Interactions
Students investigate gravitational and electromagnetic
forces and describe them mathematically. They investigate
the unity of electricity and magnetism. They develop a
model of the internal structure of atoms and use it to link
the macroscopic properties of materials to microscopic
electromagnetic attractions.

3

Energy
Students design and test their own energy conversion
devices. They develop models of nuclear processes, thermal
energy, and electric and magnetic fields, and then use these
models to further their understanding of energy flow in
systems.

4

Waves and Electromagnetic Radiation
Students make mathematical models of waves and
then obtain, evaluate, and communicate information about
interactions between waves and matter with a particular
focus on electromagnetic waves. They obtain, evaluate, and
communicate information about health hazards associated
with electromagnetic waves. They use models of wave
behavior to explain information transfer using waves and the
wave-particle duality.

Sources: National Highway Traffic Safety Administration 2016; adapted from Black and Davis 1913,
242, figure 200; adapted from NASA 2003a; Ousley 2013; NASA 2015
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Physics Instructional Segment 1:
Forces and Motion
According to the NGSS storyline:
The Performance Expectations associated with the topic Forces and Interactions
support students’ understanding of ideas related to why some objects will
keep moving, why objects fall to the ground, and why some materials are
attracted to each other while others are not. Students should be able to answer
the question “How can one explain and predict interactions between objects
and within systems of objects?” The disciplinary core idea expressed in the
Framework for PS2 is broken down into the sub ideas of Forces and Motion and
Types of Interactions. The performance expectations in PS2 focus on students
building understanding of forces and interactions and Newton’s Second Law.
Students also develop understanding that the total momentum of a system of
objects is conserved when there is no net force on the system. Students are
able to use Newton’s Law of Gravitation and Coulomb’s Law to describe and
predict the gravitational and electrostatic forces between objects. Students are
able to apply scientific and engineering ideas to design, evaluate, and refine a
device that minimizes the force on a macroscopic object during a collision. The
crosscutting concepts of patterns, cause and effect, and systems and system
models are called out as organizing concepts for these disciplinary core ideas.
In the PS2 performance expectations, students are expected to demonstrate
proficiency in planning and conducting investigations, analyzing data and using
math to support claims, and applying scientific ideas to solve design problems;
and to use these practices to demonstrate understanding of the core ideas.
(NGSS Lead States 2013f)
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PHYSICS INSTRUCTIONAL SEGMENT 1:
FORCES AND MOTION
Guiding Questions
• How can Newton’s laws be used to explain how and why things move?
• How can Newton’s Laws be used to solve engineering problems?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS2-1. Analyze data to support the claim that Newton’s second law of motion describes
the mathematical relationship among the net force on a macroscopic object, its mass, and
its acceleration. [Clarification Statement: Examples of data could include tables or graphs
of position or velocity as a function of time for objects subject to a net unbalanced force,
such as a falling object, an object rolling down a ramp, or a moving object being pulled by a
constant force.] [Assessment Boundary: Assessment is limited to one-dimensional motion and to
macroscopic objects moving at non-relativistic speeds.]
HS-PS2-2. Use mathematical representations to support the claim that the total momentum of a
system of objects is conserved when there is no net force on the system. [Clarification Statement:
Emphasis is on the quantitative conservation of momentum in interactions and the qualitative
meaning of this principle.] [Assessment Boundary: Assessment is limited to systems of two
macroscopic bodies moving in one dimension.]
HS-PS2-3. Apply scientific and engineering ideas to design, evaluate, and refine a device that
minimizes the force on a macroscopic object during a collision. [Clarification Statement: Examples
of evaluation and refinement could include determining the success of the device at protecting an
object from damage and modifying the design to improve it. Examples of a device could include
a football helmet or a parachute.] [Assessment Boundary: Assessment is limited to qualitative
evaluations and/or algebraic manipulations.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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PHYSICS INSTRUCTIONAL SEGMENT 1:
FORCES AND MOTION
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

PS2.A : Forces and Motion

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-4] Analyzing and
Interpreting Data

ETS1.A: Defining and
Delimiting Engineering
Problems

[SEP-5] Using Mathematics and
Computational Thinking

ETS1.B: Developing
Possible Solutions

[SEP-6] Constructing Explanations
(for science) and Designing
Solutions (for engineering)

ETS1.C: Optimizing the
Design Solution

[CCC-4] Systems and
System Models
Influence of Science,
Engineering, and
Technology on Society and
the Natural World

Highlighted California Environmental Principles and Concepts:
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: A-SSE.1.a–b, 3a–c; A-CED.1, 2, 4; F-IF.7a–e; S-ID.1; N-Q.1–3;
MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 7, 8, 9; WHST.9–12.7, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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What does a mountain peak have in common with a pickup truck (figure 8.29)? If the
vehicle is involved in a crash, its hood could crumple and bend under the force of the
collision. Mountain ranges like the Himalayas are shortened and pushed upwards just like
the hood of a crashed car. Even though the two processes occur at very different scales
[CCC-3] , both are governed by Newton’s Laws.
Figure 8.29. Collisions Occur in a Variety of Contexts

Mountains and car crashes involve collisions whose movement and forces can be modeled in
computer simulations (bottom). Sources: Cinedoku Vorarlberg 2009; National Highway Traffic Safety
Administration 2016; Willett 1999; Livermore Software Technology Corporation 2017

Newton’s laws (table 8.7) provide a basis for understanding forces and motion and,
therefore, serve as a foundation for a study of physics. Engineers and scientists apply
Newton’s laws mathematically [SEP-5] or with computational models [SEP-2] to predict
the motion of objects. These calculations (such as depicted in the bottom panels of figure
8.29) enable applications as diverse as building safer automobiles and providing more
reliable forecasts of earthquake hazard. Applying Newton’s laws becomes quite complicated
when considering the forces within deforming bodies like in figure 8.29, but these simple
laws lie at the heart of even the most sophisticated computer simulations.
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Table 8.7. Newton’s Laws of Motion
First Law
Law of Inertia

Every object in a state of uniform motion tends to remain in that state
of motion unless it is subjected to an unbalanced external force.

Second Law
Definition of Force

F = ma. An object’s acceleration, a, depends on its mass, m, and the
applied force, F.

Third Law
Law of Reciprocity

For every action, there is an equal and opposite reaction. When
one body exerts a force on a second body, the second body
simultaneously exerts a force equal in magnitude and opposite in
direction on the first body.

Opportunities for ELA/ELD Connections
As a foundation for the study of physics, have students create mini-lessons on Newton’s
Laws of Motion to present to the class. Each team or group of students uses at least
two different sources to research a law of motion for a visual presentation to the
class. The presentation should include a general description/definition of the law
plus an example demonstrating the application of the principle. Visual presentations
make strategic use of digital media to enhance findings, reasoning, evidence, and add
interest.
CA CCSS for ELA/Literacy Standards: RST.9–12.2, 7; WHST. 9–12.6, 7, 8; SL.9–12.5
CA ELD Standards: ELD.PI. 9–12.6, 9

In the middle grades, students investigated forces to establish a relationship between
force, mass, and changes in motion (MS-PS2-2) and designed solutions to minimize the
impact of a collision (MS-PS2-1). These experiences form the basis of a solid conceptual
model of Newton’s laws. Now, they are ready to extend these models [SEP-2]
using mathematical thinking [SEP-5] so that they can use their models to predict precise
outcomes. This process begins with mathematical descriptions of motion.
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High School Four-Course Model Physics Snapshot 8.6:
Analyzing Motion in Video
Investigative phenomenon: (Students record and analyze the motion of
everyday objects.)

Ms. K’s students used phones or tablets to record different everyday
objects moving (e.g., skateboard rolling down ramp, ball thrown up against
basketball backboard, bird flying across the schoolyard, car coming to a stop
at a stop sign). They analyzed [SEP-4] the video clips using a free frameby-frame video analysis tool (see D. Brown Tracker video analysis and modeling tool from
2015 at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link34) to track the position, velocity,
and acceleration over time. Ms. K gave a short lecture describing how the program used
the formulas for velocity and acceleration to calculate the quantities. Students practiced
a few calculations by hand to see if they matched the software’s output. Students found
that the skateboard’s velocity increased linearly but its acceleration remained constant.
The bird moved at a reasonably constant speed as it glided between flaps but then sped
up when it was flapping. The basketball bounced off the backboard a tiny bit slower than
it traveled toward the backboard. The car’s acceleration was always negative but oscillated
up and down (close to zero and then more negative again) as it approached the stop sign.
Each group of students chose one graph that yielded an interesting observation (position,
velocity, or acceleration plotted versus time) to describe [SEP-8] to the class. Ms. K
ensured that students described the axes (including highlighting the scale [CCC-3]
of their results and how slow or fast the objects moved) and any trends [CCC-1] . Each
team also had to share one question [SEP-1] they had generated when they were looking
at the data; they would use that questions as the basis for a new investigation: Did the
acceleration change when someone sat instead of stood on the skateboard? Would the ball
bounce back at a faster speed if we pumped it up? Would the car’s speed change more
smoothly if we pushed the brake pedal really evenly? Over the next few weeks, Ms. K
returned to these questions in an order that followed the conceptual flow of her curriculum.
She had the class refine each question and used it to plan and conduct an investigation
[SEP-3] to answer the question.

Performance expectation HS-PS2-1 requires students to “analyze data to support the
claim that Newton’s second law of motion describes the mathematical relationship among
the net force on a macroscopic object, its mass, and its acceleration.” Before jumping into
quantitative calculations, teachers should help students engage with their preconceptions
about forces and motion through conceptual challenges. Teachers can administer the Force
Concept Inventory (Hestenes 1998) to assess students’ knowledge at the beginning of the
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course. Guided inquiry tutorials (see University of Maryland Physics Education Research
Group, Tutorials in Physics Sense-Making at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link35)
help students refine their conceptual models and are specifically designed for students to
confront misconceptions. With these foundations, students analyze and interpret [SEP-4]
tables or graphs of position as a function of time, or velocity as a function of time for
objects subjected to a constant, net unbalanced force and compare their observations
to predictions from the mathematical model (HS-PS2-1). Given the force and the mass,
students learn to calculate the acceleration of an object. Given the mass and the
acceleration, students should be able to calculate the net force on the object. Accordingly,
students should be able to analyze simple free-body diagrams to calculate the net forces on
known masses and, subsequently, determine their acceleration. The standard formulas of
velocity, acceleration, and Newton’s Second Law are all mathematical models [SEP-2] . In
the CA NGSS, students should be able to use models to make predictions. Curriculum should
therefore provide students with opportunities to not only perform calculations but to test
them using hands-on activities and computer simulations.
Students extend their study of forces and motion to include collisions and the concept
of momentum. The law of conservation of linear momentum states that for a collision
occurring between object one and object two in an isolated system [CCC-4] , the total
momentum of the two objects before the collision is equal to the total momentum of the
two objects after the collision. Again, students will use mathematical representations
[SEP-5] of these systems as models [SEP-2] . They should be able to apply these models

to a range of scenarios.
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High School Four-Course Model Physics Snapshot 8.7:
Predicting Baseball Speeds
Investigative phenomenon: A baseball changes direction as it collides with a
bat.

Ms. K’s students rolled marbles on tracks to explore momentum and
collisions, but her students wanted to see if the equations worked in a
real-world scenario. They would use video analysis software to predict how
fast the ball would go when it was hit. They set up a camera on a tripod
and had the school’s star softball pitcher practice throwing consistent, easy-to-hit pitches.
Meanwhile, they had the school’s leading baseball hitter swing the bat over and over again.
They recorded swings using several bats (including aluminum and wood) and pitches with
two different balls (a baseball and a softball). Ms. K wouldn’t let the batter hit the balls yet,
though. They took the video clips back to the classroom and calculated the average speed
of the ball and the bat and then measured their masses. Students then used equations of
momentum conservation to predict the speed the ball would go in different cases. They
verified their calculations using an online simulator of one-dimensional collisions (see PhET,
Collision Lab, at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link36) and used it to get a
sense of how much the speed would vary if the speeds during an actual pitch were equal
to the average they had used in their calculations. They then returned to the field and let
the batter hit several pitches using different ball and bat combinations. Upon analyzing
the video data, students realized that the actual balls travel at a much lower speed than
their predictions. This leaves students asking questions [SEP-1] about what caused
[CCC-2] this difference. The class converged on two possible mechanisms: 1) the ball
absorbed some of the energy, or 2) the ball was hit off center. Ms. K split students into
groups and assigned half of them to obtain information [SEP-8] about the “coefficient of
restitution” in an inelastic collision and then design an investigation [SEP-3] to calculate
it for the baseball while another group used the online simulator in two dimensions to
predict the ball’s speed when the collision wasn’t “head on.” The class reconvened and
groups presented a claim [SEP-7] about whether or not their mechanism could explain
the observed velocities, citing evidence from the video and their follow-up investigations.
These follow-up investigations went beyond the assessment boundary of HS-PS2-2 but
were excellent examples of how an authentic investigation leads to authentic questions.
Students found that both mechanisms could potentially explain the speed reduction, but
they did not have enough information to distinguish between them. They finished thinking
the same thing professional scientists often think, “If only we had more data!” and they
dream of adding sensors to the ball and bat.
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Engineering Connection:
Minimizing the Effects of Collisions
Equipped with a basic understanding of classical mechanics, including Newton’s
three laws of motion and the momentum conservation principle, students should
now be able to “apply scientific and engineering ideas to design, evaluate, and
refine a device that minimizes the force on a macroscopic object during a collision”
(HS-PS2-3). A classic activity that meets this performance expectation is the egg-drop
contest, in which students are challenged to develop devices that protect raw eggs
from breaking when dropped from significant heights (figure 8.30). In the process,
students demonstrate competence with HS-ETS1-1 when they start by considering a
complex problem such as automobile collisions or sports injuries, and then they define
the problem [SEP-1] in terms of qualitative and quantitative criteria and constraints
for solutions. With teacher guidance the students can then break down the problem
into smaller, more manageable problems that can be solved through engineering (HSETS1-2). The students should be encouraged to generate multiple solutions [SEP-6] ,
and to evaluate their ideas based on prioritized criteria and trade-offs (see the section
on Decision Matrices in the “Instructional Strategies” chapter of this framework), taking
into account cost, safety, and reliability as well as social, cultural, and environmental
impacts (HS-ETS1-3). Students then build and test a model of their most promising
idea and then modify it based on the results of the tests. Testing can include computer
simulations that model how solutions function under different conditions (HS-ETS1-4).
Figure 8.30. Engineering Solutions to an Egg Drop Challenge

Students learn physics principles such as impulse and momentum while simultaneously
learning engineering design and testing principles while designing and developing devices
for challenges such as the classic egg-drop contest. Source: Buggy and Buddy 2014
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Engineering Connection:
Minimizing the Effects of Collisions
Throughout the process, students should justify [SEP-7] their design choices
and revisions in terms of physics concepts, rather than using trial and error
or guesswork. The engineering solutions students create are examples
of systems [CCC-4] of interacting components. Students discover that the exact
physical structure [CCC-6] (the arrangement of the components) can have a large
impact on the function of their design. Students can draw pictorial models [SEP-2]
showing the direction forces act and can label the role each piece plays in their solution.
Engagement in this activity also tests student understanding of the momentumimpulse connection: t m , where F = force, t = time, m = mass, and v = velocity.
The product of force and the time over which the force is applied is known as the
impulse ( t) and is equal to the change in momentum of the object to which the force
is applied (m ). One can decrease the force necessary to bring a moving object to
rest by increasing the time over which the force is applied. For example, air bags, car
crumple zones, helmets, parachutes, and padded catcher’s mitts (figure 8.31) reduce
the potential for injury by decreasing the force necessary to bring objects to a halt by
increasing the time over which such forces are applied.
Figure 8.31. Real-World Engineering Applications of Momentum-Impulse
Connections
(a)

(b)
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The product of force and the time over which the force is applied is known as the impulse
( t), and is equal to the change in momentum of the ob ect to which the force is applied
(m v). ne can decrease the force ( ) necessary to bring a moving ob ect to rest by
increasing the time ( t) over which the force is applied, such as is accomplished by (a) an
automobile air bag, (b) a helmet, (c) a baseball catcher’s mitt, or (d) a parachute. Sources:
M. d’Alessio with images from National Highway Traffic Safety Administration 2015; adapted
from KTEditor 2014; adapted from OpenClipart-Vectors 2013b; Clker-Free-Vector-Images
2012; OpenClipart-Vectors 2013a; Headquarters Department of the Army 2012
https://pixabay.com/en/car-transportation-automobile-auto-533592/#
https://www.safercar.gov/parents/seatbelts/Pregnancy-Seat-Belt-Safety.htm
https://pixabay.com/en/baseball-sports-glove-gloves-25759/
https://pixabay.com/en/baseball-ball-sports-equipment-157881/
https://pixabay.com/en/motorcycle-helmet-protection-safety-157041/
https://commons.wikimedia.org/wiki/File:MC-3_Open_Parachute.jpg
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Physics Instructional Segment 2:
Types of Interactions
Instructional segment 1 introduces the concept of force as an influence that
tends to change the motion of a body. Instructional segment 2 builds upon this foundation
by examining types of forces or interactions. Scientists know of only four fundamental
interactions, also known as fundamental forces or interactive forces: gravitational, electromagnetic, strong nuclear, and weak nuclear. Students have no everyday knowledge of
these nuclear forces, but the strong nuclear force ensures the stability [CCC-7] of ordinary
matter by binding the atomic nucleus together, while the weak nuclear force mediates
radioactive decay. By contrast, we interact with gravitational and electromagnetic forces
on a daily basis, so students are already familiar with their pushes or pulls. In the middle
grades, students provided evidence that gravity is a force that attracts objects together and
its strength depends on the mass of the objects (MS-PS2-4). In this instructional segment,
students will use the mathematical models [SEP-2] of Newton’s Law of Gravitation to
describe and predict the gravitational attraction between two objects.

PHYSICS INSTRUCTIONAL SEGMENT 2:
TYPES OF INTERACTIONS
Guiding Questions
• At the most fundamental level, how do objects interact with one another?
• How do interactions affect the structure, nature, and properties of matter?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS2-4. Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s
Law to describe and predict the gravitational and electrostatic forces between objects.
[Clarification Statement: Emphasis is on both quantitative and conceptual descriptions of
gravitational and electric fields.] [Assessment Boundary: Assessment is limited to systems with
two objects.]
HS-PS2-5. Plan and conduct an investigation to provide evidence that an electric current can
produce a magnetic field and that a changing magnetic field can produce an electric current.
[Assessment Boundary: Assessment is limited to designing and conducting investigations with
provided materials and tools.]
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PHYSICS INSTRUCTIONAL SEGMENT 2:
TYPES OF INTERACTIONS
HS-PS2-6. Communicate scientific and technical information about why the molecular-level
structure is important in the functioning of designed materials.* [Clarification Statement:
Emphasis is on the attractive and repulsive forces that determine the functioning of the material.
Examples could include why electrically conductive materials are often made of metal, flexible
but durable materials are made up of long chained molecules, and pharmaceuticals are designed
to interact with specific receptors.] [Assessment Boundary: Assessment is limited to provided
molecular structures of specific designed materials.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-3] Planning and
Carrying Out Investigations

PS2.B: Types of Interaction

[CCC-1] Patterns

PS3.A: Definitions of Energy

[SEP-5] Using Mathematics
and Computational Thinking

ETS1.A: Defining and
Delimiting Engineering
Problems

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-8] Obtaining,
Evaluating, and
Communicating Information

[CCC-6] Structure and Function
Influence of Science,
Engineering, and Technology
on Society and the Natural
World
Interdependence of Science,
Engineering, and Technology

CA CCSS Math Connections: A-SSE.1a–b, 3a–c; N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1; WHST.9–12.2a–e, 7; WHST.11–12.8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Newton’s Law of Gravitation is expressed as

m1m2 /r 2, where F represents the

gravitational force, m1 and m2 represent the masses of two interacting objects, r represents
the distance (radius) between the centers of mass of these two objects, and G is the
universal gravitational constant.
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Opportunities for Mathematics Connections:
Rearranging Formulas
Students should be able to “rearrange formulas to highlight a quantity of interest,
using the same reasoning as in solving equations” (CA CCSSM A-CED.4). Thus,
given G and any three of the variables, students should be able to apply basic algebra
to calculate [SEP-5] the value of the remaining variable. Students are expected
to make quantitative predictions using this equation, and they must also be able to
understand it qualitatively (HS-PS2-4).

Mathematical models provide the opportunity for students to conceptualize complex
physical principles using elegant equations. All mathematical models [SEP-2] in science
are based on physical principles of relationships between scale, proportion, and quantity
[CCC-3] . To introduce mathematical models of gravitation, students can begin this

instructional segment by exploring computer simulations of gravity. They gather evidence
about which factors affect the gravitational force so that they can begin to construct
Newton’s Law of Gravitation,

m1m2 /r 2, where F represents the gravitational force, m1

and m2 represent the masses of two interacting objects, r represents the distance (radius)
between the centers of mass of these two objects, and G is the universal gravitational
constant. To assess understanding of such models, teachers can ask questions like, “What
happens to the force of gravity if one doubles the mass?” or “What happens to the force of
gravity if the distance between the centers of mass of the two objects is doubled?” In the
middle grades, students argued that gravity always attracts objects together, but they only
had empirical evidence and could not describe any mechanism for this behavior. Students
can explain [SEP-6] why gravity is always attractive by referring to Newton’s Law of
Gravitation (noting that mass can never be negative, so all terms are positive).
Working together, electricity and magnetism are a constant presence in daily life: electric
motors, generators, loudspeakers, microwave ovens, computers, telephone systems, static
cling, the warm glow of the Sun, maglev trains, and electric cars, to name a few.
Asking students to identify the scientific principles that engineers apply to design
and improve such technologies provides opportunities to review prior learning and
recognize the value of science in everyday life. It also opens the door to understanding
the interdependence of science, engineering, and technology [CCC about nature of
science] in which scientists aid engineers through discoveries that can be incorporated

into new devices, while engineers develop new instruments for observing and measuring
phenomena that help further scientific research. In the high school chemistry course,
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students create a model describing how electromagnetic forces are ultimately responsible
for holding atoms together in chemical bonds.
Students likely have experience with magnetic latches and are aware of static electricity,
but they will need firsthand experiences with electrostatic forces. Are they always attractive
like gravity? Students can explore conceptual hands-on tutorials (see the University of
Maryland Physics Education Research Group Tutorials in Physics Sense-Making at http://
www.cde.ca.gov/ci/sc/cf/ch8.asp#link37) and interactive simulations (see the Concord
Consortium Electrostatics at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link38).
Students should be able to use the simple equation in Coulomb’s Law to predict
electrostatic forces between two electrically charged objects (HS-PS2-4). Coulomb’s Law
states:

q )/r2 , where F is the electrostatic force, k is Coulomb’s constant, q1 and q2

1 2

are the magnitudes of the charges, and r is the distance between the charges. Given k and
any three of the variables, students should be able to calculate the value of the remaining
variable.
Students should notice that Coulomb’s Law is strikingly similar to Newton’s Universal Law
of Gravitation. Both forces apparently have an infinite range and are directly proportional
to the magnitude of the component parts (the two masses or the two charges), and
inversely proportional to the square of the distance between them. With guidance, students
apply computational and mathematical thinking [SEP-5] to conclude that gravitational
and electrostatic forces share a common geometry, radiating out as spherical shapes from
their point of origin. This geometry is similar to throwing a rock into a glassy-smooth pond.
Waves emanate in all directions from the point where the rock hits the surface of the pond.
As a wave moves from the point of impact, the same energy is spread over an increasingly
large area. Initially the waves are tall, but as the waves get farther from the source, they
stretch over a longer perimeter but are shorter in height. Although the water waves are
confined to the surface of the water, point sources that spread their influence equally in
all directions such as gravitational force, electric field, light, sound, and radiation display a
similar attenuation with distance (figure 8.32).

1170

Chapter 8

2016 California Science Framework

High School Four-Course Model: Physics
Figure 8.32. Many Physical Processes Follow the Inverse Square Law

The intensity of radiation, sound, illumination, electrostatic interaction, and gravity vary as a function
of distance (radius, r) from the source. Source: Herr 2008, 285
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High School Four-Course Model Physics Snapshot 8.8:
Newton’s Law of Gravitation and Coulomb’s Law
The ability to develop and use models [SEP-2] is emphasized as a
science and engineering practice in the CA NGSS, as well as a Standard for
Mathematical Practice (MP) in the CA CCSSM. MP.4 states, “By high school,
a student might use geometry to solve a design problem or use a function
to describe how one quantity of interest depends on another.” Having taught for a number
of years, Mr. H realized that his physics students generally memorized Coulomb’s Law
and Newton’s Universal Law of Gravitation without understanding the common geometric
principles upon which both are based. Understanding the importance of crosscutting
concepts, Mr. H developed a one-day lesson as part of a larger instructional segment on
forces to help students discover the predictive power of the geometric principles underlying
energy or forces that radiate from an origin. Prior to his lesson, Mr. H collaborated with
the math teachers in his school to ensure that students in his physics class will have had
familiarity with the geometry of a sphere and understand how the surface area of a sphere
is calculated.
Investigative phenomenon: The surface area of a sphere depends on its radius.

As the class opened, students were engaged in a warm-up activity that required them
to estimate the surface area of ping pong balls, baseballs, tennis balls, volleyballs, soccer
balls, and basketballs. Although there was initially some confusion, students soon realized
that they could estimate the radius of each ball with a ruler and subsequently estimate
its surface area using the formula A = 4r2. (MP.2, MP.4). Mr. H had prepared a dynamic,
Internet-based collaborative spreadsheet to which students submitted their measurements
using smartphones. The measurements were automatically added to a plot of surface area
as a function of radius, and Mr. H projected these measurements at the front of the class.
Students observed that the shape of the surface-area-to-radius graph that developed as
students entered data resembled one-half of a parabola.
Investigative phenomenon: Waves get weaker as you move farther from their
source.

With figure 8.32 projected on the screen (equations that show how the intensity of
radiation, sound, illumination, electrostatic interaction, and gravity vary as a function of
distance), students electronically submitted written observations of patterns [CCC-1]
between each phenomenon and within each phenomenon as distances were scaled up
(CA CCSS for ELA/Literacy RST.11–12.9). Scanning student responses, Mr. H formatively
assessed the mathematical thinking [SEP-5] of his class and noticed that the majority
observed that each equation had an r-squared value in the denominator. He then selected
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High School Four-Course Model Physics Snapshot 8.8:
Newton’s Law of Gravitation and Coulomb’s Law
Sophia, a student who had not had an opportunity to share in the last few days, to explain
her observations. Sophia was confident that she had something significant to share
because she knew that Mr. H pre-screened student responses in the cloud and only called
on students who had demonstrated understanding of the question. Sophia explained that
the intensities vary as the inverse square of the radius from the source. (CA CCSS for ELA/
Literacy SL.11–12.4).
Mr. H provided students access to all the equipment in the lab and asked them
to develop a model [SEP-2] that illustrated how intensity varies with distance. Tom and
Min had used a marker to color a square on a balloon and were proceeding to inflate the
balloon to observe how the color of the square got lighter as the balloon was inflated. As
Joshua and Maria observed Tom and Min, they got the idea to do the same but used their
cell phones to video their balloon as it was inflated so that they would have a permanent
record to share with the class. Julia and Tae realized that Joshua and Maria had a good
idea but were lacking a scale; they improved on their design by including a ruler in the
background. Mr. H subsequently asked all three teams to share their ideas, and then
asked Julia and Tae to wirelessly send their movie to the data projector so the class could
observe the model (CA CCSS for ELA/Literacy SL.11–12.5). Students then estimated the
surface area of the balloon at three different radii and noted how the intensity of the
marker color decreased significantly with increasing radius.
Once again, Mr. H opened a cloud-based form, asking students to explain what
they had observed and learned through this activity. Mr. H checked the responses and
selected students to engage in Socratic questioning based on their submissions. He led
the class in the development of a collective model of the inverse square law and an
understanding of how it applies to forces such as gravity and electrostatic forces. Mr. H
emphasized the value of collaboration and the iterative process of designing, building,
testing, analyzing, and redesigning in engineering endeavors (the nature of science CCC
that “[s]cience is a human endeavor”). Students then completed an online quiz in which
they used mathematical [SEP-5] representations of Newton’s Law of Gravitation and
Coulomb’s Law to describe and predict the gravitational and electrostatic forces between
objects (HS-PS2-4).

For many years, scientists considered electric and magnetic forces to be independent of
each other, but in 1820 Hans Christian Øersted discovered that electric current generates
a magnetic force, and in 1839 Michael Faraday showed that magnetism could be used to
generate electricity. Finally, in 1860 James Clerk Maxwell derived equations that show how
electricity and magnetism are related. Students will follow in their footsteps to plan and
carry out investigations [SEP-3] that illustrate the relationship between electricity and

magnetism (HS-PS2-5).
2016 California Science Framework

Chapter 8

1173

High School Four-Course Model: Physics
Students might recreate Øersted’s simple investigation [SEP-3 in which he noticed
that a compass needle would be deflected from magnetic north when an electric current
passed through a wire that was held above the magnet (figure 8.33a). They can be given
the challenge of getting the compass needle to deflect a fixed amount (e.g., so that it
points northeast at 45° instead of north). They will need to explore what happens when
they change the direction of the wire, the voltage through the wire, or the number of winds
of the wire around the compass (figure 8.33b) or move the compass to different locations
around the wire (figure 8.33c). Students should then be able to create an informative poster
communicating [SEP-8] how each of these variables affects [CCC-2] the compass needle.
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Figure 8.33. Magnetic Fields and Electric Currents
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(a): Øersted’s experiment illustrates that an electric current generates a magnetic field. (b and c):
Sensitive compasses can detect the magnetic field surrounding a current-carrying wire. (d): Moving
a looped wire through a magnetic field generates a current within the wire. (e): Moving a magnet
through a looped wire generates an electric current. Source: M. d’Alessio with images from PrivatDeschanel 1876, 656, fig. 456 and OpenClipart-Vectors 2013c.

After gathering evidence that an electric current creates a magnetic field, students
should investigate if the reverse is also true. They plan and carry out an investigation
[SEP-3] to see if a changing magnetic field can induce an electric current. The simplest

investigation requires connecting a galvanometer in a loop and moving the far side of the
loop back and forth between two strong magnets (figure 8.33d). Students will observe the
galvanometer needle deflect in opposite directions depending on which way the wire is
moved (indicating that the electric current flows in different directions as the wire moves
in different directions). Students can use this equipment to explore other variables. For
example, they may coil the wire and move the magnet through the center of the coil
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and see a similar response (figure 8.33e). This principle is important for creating electric
generators. While students may not be able to make that leap themselves, they should be
able to construct an explanation [SEP-6] about how this principle could be used to make
a generator in which there is a constant flow of electricity. Their explanation could rely on
diagrams (pictorial models [SEP-2] ).
Up to this point, this instructional segment has focused on interactions between different
objects via electrostatic, electromagnetic, and gravitational forces. Now, students look at
how forces work within materials at the microscopic level to explain macroscopic properties.
In the middle grades, students developed conceptual models of atoms and molecules
making up the structure [CCC-6] of solids, liquids, and gases. Here they develop and
refine those models [SEP-2] , and understand that the stability [CCC-7] and properties

of solids depend on the electromagnetic forces between atoms, and thus on the types and
patterns [CCC-1] of atoms and molecules within the material.

Most collegiate STEM education is highly departmentalized, with students majoring
in biology, chemistry, geology, astronomy, physics, engineering, mathematics, or related
fields. Students may inadvertently assume that particular topics belong to one discipline
or another and may fail to see the elegance and power of crosscutting concepts that have
applications in a variety of fields. Teachers and students of physics may therefore have
difficulty understanding the relevance of HS-PS2-6 which focuses on how the “molecularlevel structure is important in the functioning of designed materials.” This performance
expectation sounds like it belongs in a chemistry course because it deals with molecularlevel structure or perhaps in engineering because it deals with the functioning of designed
materials. In reality, this performance expectation, like many, can be equally valuable in
many different disciplines of science and engineering. An emphasis on material strength
allows this content to flow well from the previous material in this course.
Students can begin by investigating [SEP-3] materials with macroscopic structure
such as rope, yarn, knitted fabrics, individual clay bricks, clumps of soil, wood, or
handmade paper. Students can sort the objects based on common patterns [CCC-1] in
their structures. Rope, yarn, and wood all have fibers that run dominantly in one direction
while knitted fabrics and paper both have fibers going in multiple directions. Clay bricks
and clumps of soil have tiny particles in a three-dimensional matrix. All materials also have
structure at the atomic level. These structures are held together by attractions caused by
electromagnetic forces that can be different strengths (just as a clump of soil is weaker
than a brick that has a similar internal structure because the forces holding the soil particles
together are weak). Hence, different materials have different properties that are determined
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by features at the molecular level.
To develop a model of molecular level structure, students must first refine their model
of the substructure of an atom. The mass of the atom is determined by its nucleus, but its
electronic structure extends far outside the region where the nucleus sits. An important
idea here is that the geometric size of more massive atoms is not very different from that of
a hydrogen atom. An explanation for this is the fact that the higher charge of the nucleus
pulls the electrons more strongly, so though there are more electrons, and their patterns
[CCC-1] are more complex, there is a roughly common size scale [CCC-3] for all atoms.

Models for materials help make the importance of this fact visible, as students see that you
can fit many different combinations of atoms together in space and, thus, make a great
variety of molecules and materials. For HS-PS2-6, students need only a qualitative, not
quantitative understanding.
Performance expectation HS-PS2-6 requires students to obtain, evaluate, and
communicate information [SEP-8] related to the properties of various materials and their

consequent usefulness in particular applications. The role of engineering in this activity
is not to make a design, but to use engineering thinking to explain [SEP-6] how the
substructure relates to the macroscopic properties of the material and then communicate
[SEP-8] that understanding. Performance expectation HS-PS2-6 emphasizes the skills in

appendix M (“Connections to the Common Core State Standards for Literacy in Science and
Technical Subjects”) of the CA NGSS:
Reading in science requires an appreciation of the norms and conventions of
the discipline of science, including understanding the nature of evidence used,
an attention to precision and detail, and the capacity to make and assess
intricate arguments, synthesize complex information, and follow detailed
procedures and accounts of events and concepts. [Students] need to be able
to gain knowledge from elaborate diagrams and data that convey information
and illustrate scientific concepts. Likewise, writing and presenting information
orally are key means for students to assert and defend claims in science,
demonstrate what they know about a concept, and convey what they have
experienced, imagined, thought, and learned. (NGSS Lead States 2013a)
Students may obtain information [SEP-8] about the molecular-level interactions of
various electrical conductors, semiconductors, and insulators to explain why their unique
properties make them indispensable in the design of integrated circuits or urban power
grids. For example, if students understand that the fundamental structure of metals, such
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as copper, aluminum, silver, and gold, can be described as a myriad of nuclei immersed in a
“sea of mobile electrons,” they can then explain that these materials make good conductors
because the electrons are free to migrate between nuclei under applied electromagnetic
forces. By contrast, when students investigate the molecular level properties of covalent
compounds, such as plastics and ceramics, they should note that these compounds behave
as electrical insulators because their electrons are locked in bonds and therefore resistant
to the movement that is necessary for electric currents. As students learn to communicate
such information, they obtain a better appreciation of cause and effect [CCC-2] . For
example, students should be able to explain that electromagnetic interactions at the
molecular level (causes) result in properties ( effects [CCC-2] .) at the macro-level and that
these properties make certain materials good candidates for specific technical applications.
Students will build on their model of the structure of atoms from earlier in this
instructional segment in IS3 when students explore nuclear processes and nuclear energy.
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Physic Instructional Segment 3:
Energy
According to the NGSS storyline:
The Performance Expectations associated with the topic Energy help
students formulate an answer to the question “How is energy transferred and
conserved?” The disciplinary core idea expressed in the Framework for PS3
is broken down into four sub-core ideas: Definitions of Energy, Conservation
of Energy and Energy Transfer, the Relationship between Energy and Forces,
and Energy in Chemical Process and Everyday Life. Energy is understood as
quantitative property of a system that depends on the motion and interactions
of matter and radiation within that system, and the total change of energy
in any system is always equal to the total energy transferred into or out
of the system. Students develop an understanding that energy at both the
macroscopic and the atomic scale can be accounted for as either motions
of particles or energy associated with the configuration (relative positions)
of particles. In some cases, the energy associated with the configuration of
particles can be thought of as stored in fields. Students also demonstrate their
understanding of engineering principles when they design, build, and refine
devices associated with the conversion of energy. The crosscutting concepts
of cause and effect; systems and system models; energy and matter; and the
influence of science, engineering, and technology on society and the natural
world are further developed in the performance expectations associated
with PS3. In these performance expectations, students are expected to
demonstrate proficiency in developing and using models, planning and carry
out investigations, using computational thinking, and designing solutions; and
to use these practices to demonstrate understanding of the core ideas. (NGSS
Lead States 2013f)
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PHYSICS INSTRUCTIONAL SEGMENT 3:
ENERGY
Guiding Questions
• What is energy and how does it relate to and interact with matter?
• How do nuclear reactions illustrate conservation of energy and mass?
• What is the relationship between energy and force?
• How can you model force fields?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS1-8. Develop models to illustrate the changes in the composition of the nucleus of
the atom and the energy released during the processes of fission, fusion, and radioactive
decay. [Clarification Statement: Emphasis is on simple qualitative models, such as pictures or
diagrams, and on the scale of energy released in nuclear processes relative to other kinds of
transformations.] [Assessment Boundary: Assessment does not include quantitative calculation of
energy released. Assessment is limited to alpha, beta, and gamma radioactive decays.]
HS-PS3-2. Develop and use models to illustrate that energy at the macroscopic scale can be
accounted for as a combination of energy associated with the motions of particles (objects)
and energy associated with the relative position of particles (objects). [Clarification Statement:
Examples of phenomena at the macroscopic scale could include the conversion of kinetic
energy to thermal energy, the energy stored due to position of an object above the earth, and
the energy stored between two electrically-charged plates. Examples of models could include
diagrams, drawings, descriptions, and computer simulations.]
HS-PS3-3. Design, build, and refine a device that works within given constraints to convert
one form of energy into another form of energy.* [Clarification Statement: Emphasis is on both
qualitative and quantitative evaluations of devices. Examples of devices could include Rube
Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of constraints
could include use of renewable energy forms and efficiency.] [Assessment Boundary: Assessment
for quantitative evaluations is limited to total output for a given input. Assessment is limited to
devices constructed with materials provided to students.]
HS-PS3-5. Develop and use a model of two objects interacting through electric or magnetic
fields to illustrate the forces between objects and the changes in energy of the objects due to the
interaction. [Clarification Statement: Examples of models could include drawings, diagrams, and
texts, such as drawings of what happens when two charges of opposite polarity are near each
other.] [Assessment Boundary: Assessment is limited to systems containing two objects.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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PHYSICS INSTRUCTIONAL SEGMENT 3:
ENERGY
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

PS1.C: Nuclear Processes

[SEP-2] Developing and
Using Models

PS3.C: Relationship Between
Energy and Forces

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

PS3.D: Energy in Chemical
Processes and Everyday Life

PS3.A: Definitions of Energy

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation

ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions

Influence of Science,
Engineering, and
Technology on Society and
the Natural World

ETS1.C: Optimizing the Design
Solution
Highlighted California Environmental Principles and Concepts:
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1, 7, 8, 9; WHST.9–12.7, 9;
WHST.11–12.8
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Perhaps the most unifying CCC in physics and all other science is the conservation of
energy [CCC-5] , expressed in the first law of thermodynamics, which states that the total

energy of an isolated system is constant, and that although energy can be transformed from
one form to another, it cannot be created or destroyed. Conservation of energy [CCC-5]
requires that changes in energy within a system [CCC-4] must be balanced by energy flows
[CCC-5] into or out of the system by radiation, mass movement, external forces, or heat

flow. Students need multiple experiences to build qualitative models [SEP-2] of energy
in its various forms (such as thermal, electrical, chemical, wind, and radiant energy) to see
that it involves a mixture of particle-motion (subatomic to molecular scale), radiation, and
potential energy due to interactions between particles. Students should apply energy concepts
1180

Chapter 8

2016 California Science Framework

High School Four-Course Model: Physics
to explain and interpret phenomena such as why your hands get warm when you rub them
together or why engines are always less than 100 percent efficient at using the energy of
combustion to achieve desired changes in kinetic or potential energy. The general concept that
every system transfers energy to the surrounding environment through both contact forces
(friction) and radiation must be developed through examples. Once students have explored
a variety of energy forms, they can begin to see how they can convert from one to another.
HIGH SCHOOL FOUR-COURSE MODEL PHYSICS VIGNETTE 8.3:
ENERGY CONVERSION
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS3-3. Design, build, and refine a device that works within given constraints to convert
one form of energy into another form of energy.* [Clarification Statement: Emphasis is on
both qualitative and quantitative evaluations of devices. Examples of devices could include
Rube Goldberg devices, wind turbines, solar cells, solar ovens, and generators. Examples of
constraints could include use of renewable energy forms and efficiency.] [Assessment Boundary:
Assessment for quantitative evaluations is limited to total output for a given input. Assessment is
limited to devices constructed with materials provided to students.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics, as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions
and Defining Problems

PS3.A: Definitions of Energy

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ETS1.A: Defining and Delimiting
Engineering Problems

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

PS3.D: Energy in Chemical Processes

ETS1.B: Developing Possible
Solutions
ETS1.C: Optimizing the Design
Solution
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HIGH SCHOOL FOUR-COURSE MODEL PHYSICS VIGNETTE 8.3:
ENERGY CONVERSION
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.9–12.2; WHST.9–12.6, 7, 10; SL.11–12.1
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Introduction
A three-dimensional (3D) learning environment in the CA NGSS encourages students to
reason and plan like scientists and engineers. The following vignette illustrates 3D learning
while addressing DCIs related to energy. Although this lesson focuses on the physics of energy
conversion (HS-PS3-3), it also touches on all four high school engineering, technology, and
applied science standards, as students employ engineering solutions to address complex realworld problems.
Length and position in course: This vignette illustrates a sample two-week learning
event in IS3. Prior to this learning event, students had explored various forms of energy
including electrical, chemical, kinetic, light, and thermal energies. In addition, they had gained
experience developing and using models [SEP-2] , and applying the CCC of flows, cycles,
and conservation of energy and matter [CCC-5] .
5E Lesson Design : This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter for tips on implementing 5E lessons.
Day 1: Energy Conversion in My Life
Students use a phone app to track their personal energy use during daily life and exercise.
They relate these energy quantities to the energy in different foods. Students use Rube Goldberg
machines as a conceptual model to think about energy conversion.
Day 2: Patterns in Electricity Usage
Students analyze their home energy usage and look for patterns. They use energy
monitoring devices to track energy usage of specific appliances in the classroom.
Days 3–4: Models of Energy Conversion in The Earth System
Students draw a diagram tracking the flow of energy within the Earth system and tracing
it back to the Sun. This pictorial model includes energy conversion processes within both the
natural world and built objects.
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HIGH SCHOOL FOUR-COURSE MODEL PHYSICS VIGNETTE 8.3:
ENERGY CONVERSION
Days 5–9: Solar Oven Design Challenge
Motivated by major global problems, students design a device that converted energy from
the Sun to thermal energy that could cook food. Students went through an entire design
challenge including defining the problem, developing solutions, and optimizing those solutions.
Day 10: Publish and Learn from Others
Students communicate their design approach to other students in the class. As part of the
peer review process of these lab reports, students learn from others and revise their designs
for a second competition.

Day 1: Energy Conversion in My Life (Engage)
Anchoring phenomenon: Food labels report the stored energy of food in Calories
and a GPS smartphone app reports how much energy students burn by doing different
exercises.

One of the many ways to engage students in learning is to introduce them to surprising
and interesting facts and concepts related to a topic of personal relevance. High school
students are familiar with food and sports but may have little understanding about the energybased connections between them. For example, they have probably never pondered how
many French fries must be consumed to provide enough energy to run a 5K race. To engage
students in a lesson on energy conversion, Mr. H provided an activity that helped answer such
questions.
Students with smartphones were encouraged to download free cell phone global
positioning system (GPS)-tracking apps (e.g., Strava®) that mapped routes, analyzed motion,
and estimated energy expenditure (figure 8.34). He then encouraged them to activate the
app while walking, jogging, or cycling and to submit their results anonymously to a common
database. The results were subsequently posted on a lesson Web site, and students were
asked to rank the various activities in terms of energy expenditure. On the same Web page,
students found a link to a Web site that provided nutritional information for various fast foods.
Mr. H then directed students to select foods and portions that would provide equivalent energy
content to fuel selected activities. As the lesson progressed, one could hear exclamations such
as “Wow, I had no idea that a medium fries could give me enough energy to walk for nearly
two hours!” or “Oh no, I need to run 40 minutes just to burn off the 380 calories I acquired
from those fries!” Such comments indicated that the students were engaged in the lesson and
ready to talk about exploring the concept of energy conversion.
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Figure 8.34. Screenshot of an App Tracking a Student’s Movement

A screenshot from ®Strava showing students’ movement with a 2D map, elevation profile,
speed profile, and estimated energy expenditure for various exercises. Source: Strava 2015
Before beginning the exploration phase, students watched online videos of modern Rube
Goldberg machines. Rube Goldberg machines are purposely over-engineered contraptions
that perform simple tasks through indirect, convoluted means (figure 8.35). For example,
Goldberg’s "Self-Operating Napkin" is activated when soupspoon (A) is raised to mouth,
pulling string (B) and thereby jerking ladle (C), which throws cracker (D) past parrot (E). The
parrot jumps after cracker and perch (F) tilts, upsetting seeds (G) into pail (H). Extra weight in
pail pulls cord (I), which opens and lights automatic cigar lighter (J), setting off skyrocket (K)
which causes sickle (L) to cut string (M) and allow pendulum with attached napkin to swing
back and forth, thereby wiping chin. These amusing devices engage learners and provide
an opportunity to discuss processes of energy transfer through a long series of events or
interactions.
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Figure 8.35: Examples of Rube Goldberg Machines

Rube Goldberg machines, such as (a) the Self-Operating Napkin or (b) the immensely popular
Internet video This Too Shall Pass by Mindshare LA. Pictured is a screen shot of an interactive
floor plan from the video. Sources: Adapted from Goldberg 1931; Mitch Said n.d.
Day 2: Patterns in Electricity Usage (Explore)
Investigative phenomenon: Students use different amounts of electricity in their
homes.

On day 2 students investigated processes of energy conversion with inanimate objects.
Returning to the class assignment Web page, students found a form prompting them for
information regarding energy consumption in their homes. Students recorded the amount
of energy consumed during a 24-hour period (as reported on their home electric meters) as
well as the approximate number of minutes each light, appliance, and utility operated during
this period. As Mr. H projected students’ energy usage on the board, they observed a huge
range. Mr. H asked students, “What questions do you have when you see such a large range
like this?” The questions start general (“What causes the differences?”), but Mr. H prompted
students to ask more specific questions that they might be able to answer using their data
(e.g., “Can we predict the amount of energy used knowing just the number of minutes lights
were on?” and “Do people that watch more TV use more energy overall?”). Students opened
up the collaborative spreadsheet containing all their data and started to analyze the data
[SEP-4] for patterns [CCC-1] that might answer their questions.
While they were able to identify some trends, they decided they needed more specific
measurements of energy usage. Mr. H introduced them to a device that monitored electricity
usage of any appliance plugged into it (e.g., Kill a Watt®). They placed devices on the data
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projector, fan, instructor computer, and other electric-powered devices within the classroom
and recorded the amount of energy each used during the class period. Students reported
the energy usage in an online form that also asked them to identify the energy conversions
that each device accomplished. For example, fans converted electrical energy into the kinetic
energy of the fan blades, while a toaster converted electrical energy to heat energy, and a
data projector converted electrical energy to light energy. While looking at the data, students
tried to identify patterns [CCC-1] —devices that generated a lot of heat seemed to use
more energy. Students decided to take turns bringing the devices home to figure out which
appliances used the most electricity in their own households.
Days 3–4: Models of Energy Conversion in the Earth System (Explain)
Using their discoveries from the exploration phase, students generated explanations
[SEP-6] regarding energy conversion processes. They began by revisiting a task they

completed in grade five. They drew a pictorial model [SEP-2] tracing the flow of energy
[CCC-5] within the Earth system [CCC-4] back to the Sun. At this level, their model began

with thermonuclear energy in the Sun, included the chemical potential energy changes in
combustion reactions, and described the energy conversion in cars, computers, and TVs
(figure 8.36).
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Figure 8.36. Model of Energy Conversion within the Earth System

Learners can generate explanations of energy conversion processes using flow charts and other
types of concept maps. Source: Herr 2008, 180
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Investigative phenomenon: Students observe different energy conversion devices.

Students observed and analyzed demonstrations, diagrams, and simulations to better
understand the physics of energy conversion in such things as waterwheels (gravitational
potential to kinetic), photovoltaic cells (solar to electric), solar ovens (solar to thermal),
generators (mechanical to electrical), wind turbines (kinetic to electrical), heating coils
(electrical to thermal), burners (chemical potential to thermal), motors (electrical to
mechanical), and loud speakers (electromagnetic to sound). Note that each of the above can
be applied to the task of designing, building, and refining an energy conversion device that
meets the demands of HS-PS3-3.
Students gained further understanding of energy transfer by manipulating variables
and observing effects [CCC-2] in online simulations (PhET 2015). Mr. H assessed student
understanding of energy conversion by offering quizzes associated with these simulations
(figure 8.37).
Figure 8.37: Example of Online Simulation of Energy Conversion

Online simulations provide the opportunity to quickly manipulate variables and observe and
study effects of complex systems. Source: PhET 2015
Days 5–9: Solar Oven Design Challenge (Extend, Elaborate)
Investigative phenomenon: How do we provide clean and plentiful energy for
people to cook so that they don’t need to cut down trees?

Now that students had a basic understanding of the physics of energy transfer, they were
prepared to address performance expectation HS-PS3-3, which extended student understanding
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of energy conversion by requiring learners to “design, build, and refine a device that worked
within given constraints to convert one form of energy into another form of energy.”
Mr. H introduced this lesson with a series of statistics and photos on the global ecological
problem of deforestation, and then read the following paragraph from the World Wildlife Fund:
Forests cover 31% of the land area on our planet. They produce vital oxygen
and provide homes for people and wildlife. Many of the world’s most threatened
and endangered animals live in forests, and 1.6 billion people rely on benefits
forests offer, including food, fresh water, clothing, traditional medicine, and
shelter. But forests around the world are under threat from deforestation,
jeopardizing these benefits. Deforestation comes in many forms, including fires,
clear-cutting for agriculture, ranching and development, unsustainable logging
for timber, and degradation due to climate change. This impacts people’s
livelihoods and threatens a wide range of plant and animal species. Some 46–58
thousand square miles of forest are lost each year—equivalent to 36 football
fields every minute. Forests play a critical role in mitigating climate change
because they act as a carbon sink—soaking up carbon dioxide that would
otherwise be free in the atmosphere and contribute to ongoing changes in
climate patterns [CCC-1] . Deforestation undermines this important carbon sink
function. It is estimated that 15% of all greenhouse gas emissions are the result
of deforestation. (World Wildlife Fund 2015)
Mr. H then discussed the problem of desertification, the process in which fertile land is
transformed into desert as a result of deforestation, drought, or inappropriate agriculture. He
explained that some desertification in developing countries is caused by people cutting and
burning vegetation for fuel (EP&C I, II). Those who do not have access to natural gas, coal, or
electricity, collect and burn firewood to keep warm, cook food, and purify water. Their resource
extraction exacerbates the problem of deforestation and desertification, but they also put their
own health at risk when they burn wood inside their homes and breathe the exhaust. Mr. H
showed students a video that describes how as many as 4 million people die each year from
illnesses related to inhaling this smoke (KQED 2014). The problems of deforestation and the
health impacts of indoor cooking are examples of the kind of complex real-world problems
that students are expected to analyze to meet performance expectation HS-ETS1-1. Mr. H then
explained that a number of organizations are encouraging the use of solar cookers in developing
countries to reduce the need for firewood. He then proceeded with the following solar cooker
engineering challenge. Breaking down a complex real-world problem into manageable problems
that can be solved through engineering is the skill called for in HS-ETS1-2 (figure 8.38).
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Figure 8.38. A Simplified View of the Engineering Design Process

Define

Attend to a broad range of considerations
in criteria and constraints for problems
of social and global significance

Optimize

Prioritize criteria, consider trade-offs, and
assess social and environmental impacts
as a complex solution is tested and refined

Develop Solutions
Break a major problem into smaller
problems that can be solved separately

Source: NGSS Lead States 2013
Solar Cooker Engineering Challenge
Investigative phenomenon: How can we design a solar cooker that gets hot enough
to cook food?

All engineering projects have criteria for success as well as constraints in design and
construction. Mr. H introduced the criteria and constraints for this activity in the context of
the CA NGSS high school engineering cycle. First, the problem was defined as a competition:
Design and build a solar cooker that reached a higher temperature in 10 minutes than any
other design. Student engineers had to direct the maximum amount of sunlight to the food
by reflection where it was converted to thermal energy. In addition, they had to employ
insulation to minimize heat loss from the food. To emphasize engineering constraints, students
were required to design their solar ovens using only resources provided by the instructor, in
quantities specified by the instructor. Mr. H presented a variety of resources including scissors,
string, straws, infrared thermometers, cardboard boxes, tape, aluminum foil, plastic food
wrap, paint of various colors, paint brushes, poster board, brass brads, pencils, nuts, bolts,
stiff copper wire, wire cutters, small mirrors, rubber cement, white glue, duct tape, utility
knife, felt marker, meter sticks, oven bags, paper, and chocolate squares. Before students
could start the build, they had to submit a digital photo of their design with a rationale for all
of its features. Once the instructor had approved plans, students were given the opportunity
to implement and test their designs. The minimum criterion for success was the ability to melt
chocolate squares within 10 minutes of exposure to the sunlight. (Note that the amount of
time is variable depending on air temperature and the amount of solar radiation.) Although
many oven designs might have been successful in meeting this basic criterion, there was
competition for the hottest oven, as measured through the use of infrared thermometers
(figure 8.39). During this process, students touched on ideas that related to performance
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ENERGY CONVERSION
expectations in other disciplines, including heat flow within systems (HS-PS3-4) and
convection (HS-ESS2-3) and the fact that a property of waves is that they can reflect (HSPS4-3). The background information required is tangential to each of those performance
expectations but could be useful in helping students achieve them.
Figure 8.39. Sample Designs of a Solar Oven

Sample designs for solar ovens for converting light energy into thermal energy. Students can
get ideas for optimizing their own designs by examining the designs of their peers. Source:
Used by the permission of The University of Texas McDonald Observatory 2014; Solar Cookers
International 2005; Ligtenberg n.d.; Delaney 2003
Day 10: Publish and Learn from Others (Evaluate)
Once the competition was complete, students wrote lab reports that communicated [SEP-8]
their design, rationale, results, and recommendations for improvement. The lab reports were
presented in collaborative online documents that were shared with their classmates.
Students were then instructed to read the online lab reports of their classmates and
redesign their solar ovens based upon these “published” data. They had to edit their online
lab reports to include the new designs with written justifications, making certain to cite the
findings and lab reports of their peers. Mr. H evaluated the reports based on how well the
students described how the structure of their solar oven enabled it to convert energy more
efficiently into usable heat for cooking. He evaluated their ability to communicate using
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HIGH SCHOOL FOUR-COURSE MODEL PHYSICS VIGNETTE 8.3:
ENERGY CONVERSION
academic language and incorporate relevant ideas related to thermal energy and the
energy conversion process such as radiation, reflection, conduction, convection, insulation,
temperature, and energy transfer.
Investigative phenomenon: How can we improve a solar cooker design?
Optimization: A second competition was scheduled and once again students recorded
maximum temperatures and wrote addendums to their lab reports describing features used
to optimize their designs. Following the second competition, students recorded and compared
their results. Next, they were allowed to change [CCC-7] only one variable at a time, recording
the maximum temperature attained with each change and evaluating the effect [CCC-2] of
each change [CCC-7] . After three adjustments, a third competition was conducted. This
iterative process of designing, building, testing, analyzing, and redesigning is illustrative of the
competence described in HS-ETS1-3, which also includes the idea that even successful designs
must be socially and culturally acceptable and have minimal environmental impacts.

Vignette Debrief
Mr. H’s lessons addressed three of the four high school ETS performance expectations.
This lesson addressed the global challenges (HS-ETS1-1) of deforestation and desertification.
Students addressed these complex real-world problems as they designed solar ovens,
examining the effect [CCC-2] of single variables at a time (“smaller, more manageable
problems”) (HS-ETS-2). Finally, each of the solar ovens was designed and built within
specified constraints (HS-ETS-3). The fourth performance expectation involved use of a
computer simulation to model the impact of proposed solutions for a complex real-world
problem, which could certainly be added to these activities
SEPs. As students proceeded through the engineering cycle in this activity, they employed
most of the CA NGSS SEPs. First they defined the problem [SEP-1] to develop the most
efficient solar oven given constraints of resources and time. Next, they developed and
employed models [SEP-2] as they designed and built their solar ovens. They then planned
and carried out investigations [SEP-3] to determine the rate at which their solar oven would
heat food. They then analyzed and interpreted data [SEP-4] recorded by their classmates
to determine factors related to the efficiency of solar oven designs. Using these data and
concepts of energy transfer (HS-PS3-3), they constructed explanations and designed
improved solutions [SEP-6] and engaged in arguments from evidence [SEP-7] to defend
their new designs. Throughout the activity, students obtained and evaluated the data of
others [SEP-8] and communicated their own findings [SEP-8] .
DCIs. To complete the design challenge, students needed an understanding of the DCIs
related to energy (PS3.A, PS3.B, PS3.D). In addition, they relied on their ability to apply all
three engineering, technology, and applications of science DCIs. They defined and delimited
the engineering problem (ETS1.A) while setting criteria and constraints for their solar ovens.
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They then developed possible solutions (ETS1.B) and shared their findings with the class.
Finally, students optimized their design solutions (ETS1.C) using evidence from their own
experiments as well as those of others.
CCCs. This vignette had a clear focus around the flow of energy [CCC-5] , but they also
employ other CCCs. Students looked for patterns [CCC-1] in data as they examined other
lab reports prior to the redesign of their ovens. After evaluating such data, they defended
their redesigns by providing arguments of presumed cause and effect [CCC-2] . Finally,
they described the structure and function [CCC-6] of their designs as they developed and
explained their models [SEP-2] of energy transfer.
EP&Cs. Even though this was a physical science lesson about energy flow, Mr. H made
a strong connection to an environmental issue when he introduced the design challenge.
Deforestation has affected the natural system (EP&C I), which in turn has affected the survival
of humans that depend on the forest for fuel (EP&C II).
CA CCSS Connections to English Language Arts and Mathematics. Throughout
vignette, students were engaged in collaborative discussions with their classmates
(SL.11.12.1). They read informational text about deforestation to identify the major impacts
it has had on the planet (RST.9-12.2). They also wrote and revised lab reports to reflect new
findings (WHST.9-12.6, 7, 10). The students recorded data about their own personal energy
use (exercise) and home energy use, and analyzed that data to find patterns and trends
(N-Q.1-3).
Resources
Goldberg, Rube. 1931. “Self-Operating Napkin (Rube Goldberg Cartoon with Caption).” Posted
at Wikimedia Commons, http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link39.
Herr, Norman. 2008. The Sourcebook for Teaching Science—Strategies, Activities, and
Instructional Resources. San Francisco: Jossey-Bass.
KQED. 2014. “Darfur Stoves Project.” http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link40.
Mitch Said. n.d. This Too Shall Pass Interactive Floor Map. http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link41.
NGSS Lead States. 2013. Appendix I. Engineering Design in the NGSS. http://www.cde.ca.gov/
ci/sc/cf/ch8.asp#link42.
PhET. 2015. Energy Forms and Changes. http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link43.
Strava. 2015. http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link44.
World Wildlife Fund. 2005. Threats: Deforestation. http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link45.

While students have direct experience with many of the forms of energy discussed
so far, processes at the atomic scale also exhibit the same principles of conservation
of energy and matter [CCC-5] . Nuclear fission, fusion, and radioactive decay of unstable
nuclei involve the release or absorption of energy. These nuclear processes play a role in
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many phenomena such as nuclear power generation, nuclear medicine, nuclear fusion in
stars, and radiometric dating. Students probably have some preconceptions about nuclear
processes from popular culture. Teachers should motivate this section by finding out what
students know and then try to focus instruction around addressing that knowledge. How
does radiation cause cancer? What makes nuclear waste hazardous? How does burying it
underground help protect us from these hazards? Their awareness of these macroscopic
phenomena will motivate investigation of subatomic processes using data from real-world
contexts and simulations. Depending on their local context, students could investigate
the decommissioning of one of California’s nuclear reactors, the protective concrete shield
over the failed Chernobyl reactor, radioactive dye tracers in medical imaging, or ways that
radioactive materials are used to induce mutations for developing new agricultural crop
varieties (Novak and Brunner 1992).
Performance expectation HS-PS1-8 states that students should be able to develop
models [SEP-2] to illustrate the changes [CCC-7] in the composition of the nucleus of

the atom and the energy released during the processes of fission, fusion, and radioactive
decay. Such models could be in the form of equations or diagrams of fission, fusion, and
alpha, beta, or gamma radioactive decay (figure 8.40). Although it is not necessary to include
quantitative calculations, the models [SEP-2] should include both energy flows and particles
and convey the scale [CCC-3] of energy involved in these processes. These concepts can
generally not be explored in direct experimentation in the classroom, so students will need
to analyze data [SEP-4] from external sources and simulations to develop these models.
Students can start to see that nuclear fission could be more dangerous than alpha decay
because the mass of the particles and energy releases differs so dramatically (an alpha
particle is relatively tiny and is ejected with much less kinetic energy than the fast-moving
and massive fission products). How do other radiation sources compare?
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Figure 8.40. Models of Nuclear Processes in Atoms
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Students must revise their conceptual model [SEP-2] of matter and energy [CCC-5]
in order to explain [SEP-6] nuclear processes. They apply the principle of mass-energy
equivalence (

mc2) to revise the view that matter is conserved as atoms, to a more

accurate view that the number of nucleons (sum of protons and neutrons) is conserved.
Neither mass nor the number of atoms of each type is conserved in nuclear processes.
Although such mass conservation “laws” are applicable to gravitational and electromagnetic
processes, they must be revised and refined as students examine nuclear processes. This
revision and refinement process should be stressed as an aspect of the nature of science.
Given that energy is conserved, then it follows that the energy we measure at a
macroscopic scale [CCC-3] must be accounted for as a combination of energy of its
component parts at the microscopic scale. Performance expectation HS-PS3-2 states that
students should be able to “develop and use models [SEP-2] to illustrate that energy
at the macroscopic scale [CCC-3] can be accounted for as a combination of energy
associated with the motions of particles (objects) and energy associated with the relative
position of particles (objects).” In other words, the sum of the kinetic and potential
energy of component particles (energy of motion and position) must total the bulk
energy measured at the macroscopic level. Using diagrams, drawings, descriptions, and/
or computer simulations, students should be able to illustrate this summative relationship.
This performance expectation is designed to help students bridge concepts traditionally
associated with chemistry (e.g., the energy of atoms and molecules) with the concepts
traditionally associated with physics (e.g., the energy of macroscopic objects).
Energy is the capacity for doing work and may exist in potential, kinetic, thermal,
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electrical, chemical, nuclear, or other forms. Energy is a property of matter that can
be modeled [SEP-2] in “fields,” or regions, which surround matter and are influenced
by matter. A gravitational field is a model used to explain the influence that mass extends
into the surrounding space, yielding attractive forces on masses in that space. Similarly,
an electric field is a model used to explain the influence that a charge extends into the
surrounding space, yielding attractive or repulsive forces on surrounding charges. Similarly,
a magnetic field is a region around a magnetic material or a moving electric charge within
which the force of magnetism acts.
Performance expectation HS-PS3-5 states that students should be able to “develop and
use a model of two objects interacting through electric or magnetic fields to illustrate the
forces between objects and the changes in energy of the objects due to the interaction.” For
example, students can map a magnetic field surrounding a bar magnet by placing magnetic
compasses at various points in the region surrounding the magnet. At each point tested, the
compass shows the direction of the magnetic field (figure 8.41a). They can then investigate
the strength of the magnetic field by sprinkling iron filings on a glass plate that lies on top
of the bar magnet (figure 8.41b). As students tap on the plate, the filings align with the
magnetic field, with greater concentrations moving to those locations where the field is
stronger. Equipped with data about the direction and relative magnitude of the field, students
can draw a pictorial model [SEP-2] of the magnetic field using vectors at various locations
around the bar magnet. In such a model, the direction of the arrows indicates the direction
of the field, while the length of each arrow indicates its magnitude.
Figure 8.41. Investigating Magnetic Fields

Students can investigate magnetic fields with such things as (a) compasses, (b) magnets and iron
filings, or (c) apps on mobile devices. Sources: M. d’Alessio; Black and Davis 1913, 242, figure 200;
Byteworks 2011
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Engineering Connection:
Build an Energy Conversion Device
Humans are natural engineers. We learn to modify our environment to solve
specific problems, as seen when a child moves a chair to access the cookie jar or
when a young person designs props for the school play. Engineering skills can be
developed while studying science as students define and design solutions to realworld problems in chemistry, physics, biology, and the Earth and space sciences.
Science students can demonstrate competence in all three phases of the engineering
process: defining problems [SEP-1] , designing solutions [SEP-6] to these problems,
and optimizing design solutions. HS-PS3-3 requires students to “design, build, and refine
a device that works within given constraints to convert one form of energy into another
form of energy.” Equipped with a basic understanding of the laws of thermodynamics,
students understand that energy can be converted from less useful forms to more useful
forms. This performance expectation challenges students to design and build devices
such as wind turbines, solar ovens, or electric generators to transform energy from less
useful forms, such as wind, sunlight, or motion, into electricity, the most convenient and
useful form of energy in our modern world.
Students deepen their understanding of the core ideas of science as they increase
their competence in engineering design through such activities. Students should first
consider the major global challenge of providing affordable electrical energy (HSETS1-1). Designing, building, and improving energy conversion devices that are more
efficient or that pollute less involves breaking down the complex global problem into
more manageable problems that can be solved through engineering (HS-ETS1-2). In
the laboratory, students learn to work within engineering constraints as they strive to
maximize efficiency (minimize energy loss) while designing and building devices with
limited resources in a limited timeframe. Students can measure outputs and then refine
their designs to maximize efficiency given constant inputs. As they make decisions,
students need to keep in mind prioritized criteria and trade-offs (HS-ETS1-3). As a
follow-up to the laboratory, students can explore the acceptability of different solutions
to the global energy problem, taking into account social, cultural, and environmental
impacts (HS-ETS1-3). Students can also use existing computer simulations to investigate
the impact of different energy solutions (HS-ETS1-4).
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Physics Instructional Segment 4:
Waves and Electromagnetic Radiation
In this instructional segment, students build basic mathematical models [SEP-2]
of waves, understand how these models relate to and predict certain properties of actual
physical waves, and learn the influence of waves in the natural world as well as how waves
are employed in a variety of technologies. Students learn how analog technologies encode
information as superposition of waves (e.g., radio signals) while digital technologies encode
information as waves pulses.

PHYSICS INSTRUCTIONAL SEGMENT 4:
WAVES AND ELECTROMAGNETIC RADIATION
Guiding Questions
• How can we describe waves in a way that helps us predict their behavior?
• How have humans harnessed electromagnetic radiation to fuel innovations, both literally and
figuratively?
• Is electromagnetic radiation dangerous?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS4-1. Use mathematical representations to support a claim regarding relationships
among the frequency, wavelength, and speed of waves traveling in various media. [Clarification
Statement: Examples of data could include electromagnetic radiation traveling in a vacuum and
glass, sound waves traveling through air and water, and seismic waves traveling through the
Earth.] [Assessment Boundary: Assessment is limited to algebraic relationships and describing
those relationships qualitatively.]
HS-PS4-2. Evaluate questions about the advantages of using a digital transmission and storage of
information. [Clarification Statement: Examples of advantages could include that digital information
is stable because it can be stored reliably in computer memory, transferred easily, and copied and
shared rapidly. Disadvantages could include issues of easy deletion, security, and theft.]
HS-PS4-3. Evaluate the claims, evidence, and reasoning behind the idea that electromagnetic
radiation can be described either by a wave model or a particle model, and that for some
situations one model is more useful than the other. [Clarification Statement: Emphasis is on how
the experimental evidence supports the claim and how a theory is generally modified in light of
new evidence. Examples of a phenomenon could include resonance, interference, diffraction, and
photoelectric effect.] [Assessment Boundary: Assessment does not include using quantum theory.]
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WAVES AND ELECTROMAGNETIC RADIATION
HS-PS4-4. Evaluate the validity and reliability of claims in published materials of the effects that
different frequencies of electromagnetic radiation have when absorbed by matter. [Clarification
Statement: Emphasis is on the idea that photons associated with different frequencies of light
have different energies, and the damage to living tissue from electromagnetic radiation depends
on the energy of the radiation. Examples of published materials could include trade books,
magazines, web resources, videos, and other passages that may reflect bias.] [Assessment
Boundary: Assessment is limited to qualitative descriptions.]
HS-PS4-5. Communicate technical information about how some technological devices use
the principles of wave behavior and wave interactions with matter to transmit and capture
information and energy.* [Clarification Statement: Examples could include solar cells capturing
light and converting it to electricity; medical imaging; and communications technology.]
[Assessment Boundary: Assessments are limited to qualitative information. Assessments do not
include band theory.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions and
Defining Problems

PS3.D: Energy in Chemical
Reactions

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-5] Using Mathematics
and Computational Thinking

PS4.A: Wave Properties

[CCC-4] Systems and System
Models

[SEP-7] Engaging in
Argument from Evidence
[SEP-8] Obtaining,
Evaluating, and
Communicating Information

PS4.B: Electromagnetic
Radiation
PS4.C: Information
Technologies and
Instrumentation

[CCC-7] Stability and Change
Influence of Engineering,
Technology, and Science
on Society and the Natural
World

CA CCSS Math Connections: A-SSE.1a–b, 3a–c; A.CED.4; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 7, 8; RST.9–10.8; WHST.9–12.2a–e;
WHST.11–12.8
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

2016 California Science Framework

Chapter 8

1199

High School Four-Course Model: Physics
According to the NGSS storyline:
The Performance Expectations associated with the topic Waves and
Electromagnetic Radiation are critical to understand how many new
technologies work. As such, this disciplinary core idea helps students answer
the question “How are waves used to transfer energy and send and store
information?” The disciplinary core idea in PS4 is broken down into Wave
Properties, Electromagnetic Radiation, and Information Technologies and
Instrumentation. Students are able to apply understanding of how wave
properties and the interactions of electromagnetic radiation with matter can
transfer information across long distances, store information, and investigate
nature on many scales. Models of electromagnetic radiation as either a wave of
changing electric and magnetic fields or as particles are developed and used.
Students understand that combining waves of different frequencies can make a
wide variety of patterns and thereby encode and transmit information. Students
also demonstrate their understanding of engineering ideas by presenting
information about how technological devices use the principles of wave
behavior and wave interactions with matter to transmit and capture information
and energy. The crosscutting concepts of cause and effect; systems and
system models; stability and change; interdependence of science, engineering,
and technology; and the influence of engineering, technology, and science on
society and the natural world are highlighted as organizing concepts for these
disciplinary core ideas. In the PS4 performance expectations, students are
expected to demonstrate proficiency in asking questions, using mathematical
thinking, engaging in argument from evidence, and obtaining, evaluating
and communicating information; and to use these practices to demonstrate
understanding of the core ideas. (NGSS Lead States 2013f)
In many physics books, light, sound, and other wave phenomena are described as “ways
energy is transmitted without an overall flow of matter.” Such descriptions are important
for understanding such things as the transmission of energy from nuclear reactions in the
Sun across space to the photosynthetic cells of plants or the transmission of sound energy
from a performer on stage through the air to listeners throughout an auditorium. A second
aspect of light, sound, and other wave phenomena is also important, namely that they
encode information and, hence, are a critical tool for how we learn about and interact with
the world around us. Waves not only provide information to our natural senses, as stressed
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in earlier grades, but also for the tools and technologies that we build and use. Starting
from telescopes and microscopes (optics and lenses) and going on to computers, cell
phones, and ever more refined measurement and observation tools in science laboratories
and hospitals, we have engineered sophisticated devices that rely on the properties of light
and sound. In other words, the study of waves illustrates the interdependence of science,
engineering, and technology [CCC on nature of science] . The science of waves has made

it possible to develop myriad technologies, while the development of new technologies that
sense waves has made it possible to make new discoveries in science.
Students started developing models of wave amplitude and wavelength in grade four
(4-PS4-1A) and extended those models to include simple mathematical representations
of waves in the middle grades (MS-PS4-1). In high school, students extend this model
further to include mathematical representations [SEP-5] of waves, including relationships
involving their speed and frequency.
At the high school level, students can describe a wave as a disturbance or oscillation
that transmits energy without transmitting matter. Mechanical waves travel through a
medium, temporarily deforming the material. Restoring forces caused by elastic properties
in the medium then reverse this deformation. For example, sound waves in the atmosphere
propagate when molecules in the air hit neighboring particles and then recoil to their
original condition. These collisions prevent particles from traveling in the direction of the
wave, ensuring that energy is transmitted without the movement of matter. The second type
of wave, electromagnetic, does not require a medium for transmission.
Electromagnetic waves consist of periodic oscillations of electrical and magnetic fields.
Electromagnetic waves can travel through empty space. The frequency (or conversely,
the wavelength) of electromagnetic waves determines the properties of the waves.
There is a spectrum of electromagnetic radiation from the lowest frequency radio waves
to microwaves, infrared radiation, visible light, ultraviolet radiation, X-rays, and up to
the highest frequency gamma rays (figure 8.42). Electromagnetic waves with different
frequencies have different uses. Gamma rays are used to kill cancer cells in radiation
therapy, X-rays are used to create noninvasive medical imagery, ultra-violet light is used
to sterilize equipment, visible light is used for photography, infrared light is used for night
vision, microwaves are used for cooking, and radio waves are used for communication.
Plants capture visible electromagnetic radiation (sunlight) and use the energy to fix carbon
into simple sugars during photosynthesis.
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Figure 8.42. The Electromagnetic Spectrum
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As students learn the physics of electromagnetic radiation, they also should learn the variety of
applications that improve our quality of life, a few of which are illustrated in this diagram. Source:
Southwestern Universities Research Association 2006

Performance expectation HS-PS4-1 states that students should be able to “ use
mathematical [SEP-5] representations to support a claim regarding relationships among

the frequency, wavelength, and speed of waves traveling in various media.” For example,
students should be able to evaluate the claim that doubling the frequency of a wave is
accomplished by halving its wavelength. To evaluate such claims, students should be able
to construct basic mathematical models of waves such as v =

(where v = wave velocity,

f = frequency, and =wavelength), given that f = 1/T (where T = the period of the wave).
Students should be able to solve for frequency, wavelength, or velocity given any of the
other two variables. It is important that students realize that the equation for periodic waves
is applicable to both mechanical and electromagnetic waves. For example, it can be used
to describe seismic waves moving through different types of rock, sound waves traveling
through air and water, visible light traveling through air and glass, and water waves moving

1202

Chapter 8

2016 California Science Framework

High School Four-Course Model: Physics
through deep and shallow water.
Even though electromagnetic radiation can clearly be described using waves and its
behavior in most situations can be predicted using this model, over the years scientists have
discovered certain cases where light acts more like a collection of discrete particles than
a wave. Students obtain, evaluate, and communicate information [SEP-8] pertaining
to the wave/particle duality of electromagnetic radiation, which has been one of the great
paradoxes in science (HS-PS4-3). As early as the seventeenth century, Christiaan Huygens
proposed that light travels as a wave, while Isaac Newton proposed that it traveled as
particles. This apparent paradox ultimately led to a complete rethinking of the nature
of matter and energy [CCC-5] . Taken together, the work of Max Planck, Albert Einstein,
Louis de Broglie, Arthur Compton, Niels Bohr, and many others suggests all particles also
have a wave nature, and all waves have a particle nature.

Opportunities for ELA/ELD Connections
Students examine experimental evidence that supports the claim that light is a wave
phenomenon, and evidence [SEP-7] that supports the claim that light is a particle
phenomenon. After analyzing and interpreting data [SEP-4] from classic experiments on resonance, interference, diffraction, and the photoelectric effect, students
should be able to construct an argument [SEP-7] defending the wave/particle model of light. The students write a well-developed argument focused on the claim that light
is a wave phenomenon, including the introduction of the claim, an organization that sequences the claim, any counterclaims, reasons, and evidence, develop claim with relevant
data, provide a conclusion that supports the argument presented, and use an objective
tone and formal style. (Note: Some English learners hit a plateau in the development of
English when they become functionally proficient or when their English is good enough to
get by. Encourage these students to continue to develop their proficiency by asking them
to expand and enrich their ideas verbally and in their writing.
CA CCSS for ELA/Literacy Standards: WHST.9–12.1
CA ELD Standards: ELD.PI.9–12.10

One of the primary pieces of evidence for the particle nature of light is the photoelectric
effect, the observation that many metals emit electrons when light shines on them. If
light acts as a wave, electrons should be emitted for any frequency of light as long as the
amplitude is high enough (i.e., if the wave carries enough energy). Data, however, show
that electrons are only dislodged for light above a certain threshold frequency regardless
of the intensity of the light. This result suggests that light is actually made of discrete
particles (photons). The visual intensity of light depends on the number of particles arriving
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in a given time, but an electron only gets dislodged when an individual photon crashes
into the metal with energy greater than the energy that binds the electron to the metal.
Each photon has energy (E) proportional to its frequency (f). Expressed algebraically, we
now accept that E = hf where h is Planck’s constant (a physical constant from quantum
mechanics). Students can make a physical model [SEP-2] of the photoelectric effect with
water representing continuous waves of light energy and different size marbles and ball
bearings representing different frequencies of discrete photons of light energy. Additional
marbles gently taped to a tabletop represent the electrons bound to the metal. Under the
wave model of light, the electron marbles should stay still for a tiny stream of water (lowintensity light), but will roll away if the water gets poured fast enough (high-intensity light).
In the particle model of light, intense light can be represented by lots of particles being
dropped down at once. If those particles are small like ball bearings, no individual particle
has enough energy to dislodge the electron marbles. However, a single large marble (a lowintensity light at a high frequency) can dislodge an electron.
In physics, radiation simply means the emission of energy. In IS3, students created
models of radiation related to nuclear processes and asked questions about possible health
impacts of that radiation. In IS4, they examined electromagnetic radiation. Does it have
possible health impacts as well? Students know that they can get sunburned from ultraviolet
(UV) radiation, so it is natural for them to be concerned about the effects of other types of
radiation like radio waves from cell phones or wireless Internet. Performance expectation
HS-PS4-4 requires students to evaluate the validity and reliability of claims in published
materials of the effects that different frequencies of electromagnetic radiation have when
absorbed by matter. To meet this performance expectation, students can obtain and
evaluate information [SEP-8] and arguments put forth in books, magazines, Web sites,

and videos. While the damaging effects of high-energy gamma rays, X-rays, and UV rays are
well documented, the potentially damaging effects of microwave radiation (which includes
the frequencies used by most mobile phones) are much more questionable. Students apply
their model of the particle nature of light from the photoelectric effect to evaluate these
claims. Microwave photons are lower frequency and therefore lower energy than damaging
UV light, so they do not have enough energy to break chemical bonds. Students know that
they can sit beneath regular lights all day long and do not get a sunburn. Analogous to the
photoelectric effect, microwaves, with even lower energy photons, are still absorbed by
the body causing it to heat up. Could this slight heating cause health impacts? Students
can read an article (for example, the UC Museum of Paleontology 2016 article “A Scientific
Approach to Life: A Science Toolkit” at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link46)
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about how to identify credible sources of scientific information in the popular media.
Then, each student can search and find one Internet resource about the topic. Students
then conduct a virtual gallery walk during which they copy and paste the resource into a
collaborative Web document, and other students make digital comments on the document,
highlighting and identifying which aspects of the resource make it more or less credible and
where the text refers to scientific concepts from the course. (Students could also print the
resources and post them around the room so that peers can comment on them using sticky
notes for a physical gallery walk).
Many technological devices rely on electromagnetic radiation to communicate over long
distances, but what properties of waves enables people to encode, transmit, and capture
information? Students obtain information [SEP-8] about these devices and then apply
their models of how electromagnetic radiation interacts with matter to create an explanation
of how they work. Students must then synthesize their ideas and communicate [SEP-8]
this information (HS-PS4-5). Students can focus on a single technology such as solar panels,
medical imaging, digital or film photography, radio communication, wireless Internet, or
many other devices and processes.
One example of how students might meet HS-PS4-5 would be for students to read
a story about the historical discovery of X-rays. In 1895 the German physicist Wilhelm
Röntgen discovered a high-energy, invisible form of light known as X-rays. Röntgen noticed
that a fluorescent screen in his laboratory began to glow when a high-voltage fluorescent
light was turned on, even though the fluorescent screen was blocked from the light.
Röntgen hypothesized that he was dealing with a new kind of ray that could pass through
some solid objects, such as the screen surrounding his light. Röntgen had an engineering
mind and realized that there could be practical applications of this newly discovered form
of radiation, particularly when he made an X-ray image of his wife’s hand, showing a
silhouette of her bones. Röntgen immediately communicated his discovery through a paper
and a presentation to the local medical society, and the field of medical imaging was born.
Students then must find a way to communicate [SEP-8] information like the story of how
X-rays work in a poster or short fact sheet that includes labeled diagrams (pictorial models
[SEP-2] ) illustrating key interactions between waves and matter. They can then orally

present their posters to the class.
HS-PS4-5 requires that students be able to provide qualitative explanations [SEP-6]
for how X-rays and/or other electromagnetic radiation interact with matter. Students do not
need to discuss advanced topics such as Compton or Rayleigh scattering, but they should
be able to describe how electromagnetic radiation interacts differentially with matter. For
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example, X-rays can penetrate soft tissue such as muscles and fat, but are blocked by the
inorganic materials in bones, providing a silhouette image of the bones.

Engineering Connection:
Using Waves to Transmit Information
Performance expectation HS-PS4-5 is closely tied to the ETS standard HS-ETS1-2:
“Design a solution to a complex real-world problem by breaking it down into
smaller, more manageable problems that can be solved through engineering.”
Students may meet both the physical science and the ETS performance expectations
by designing their own devices where electromagnetic waves interact with matter to
transmit and capture information.

As students research different technologies, they should also develop models [SEP-2]
of how these devices encode information (not just transmit and receive energy). While
Heinrich Hertz is probably the first engineer to develop a radio transmitter, Guglielmo
Marconi is usually credited as the father of radio because he harnessed radio waves to
transmit information. Hertz himself is credited with stating that electromagnetic radiation
is “of no use whatsoever” (Norton 2000, 83). Engineers have learned how to encode
information on radio waves in a variety of manners, including pulsating transmission to send
Morse code, modulating frequency in FM radio transmission, modulating amplitude in AM
radio transmission, and propagating discrete pulses of voltage in digital data transmission.
Wireless transmission has revolutionized human communication and is at the heart of the
Information Revolution.
Performance expectation HS-PS4-2 requires students to “evaluate questions about the
advantages of using digital transmission and storage of information.” By analyzing and
interpreting data [SEP-4] about digital information technologies and similarly purposed

analog technologies, students can meet this performance expectation. By comparing and
contrasting such features as data transmission, response to noise, flexibility, bandwidth
use, power usage, error potential, and applicability, students can assess the relative
merits of digital and analog technologies. This performance expectation requires students
to ponder the influence of those technologies that have shaped our modern world. As
students evaluate digital transmission and storage of information, they begin to understand
the influence of science, engineering, and technology on society and the natural world
[CCC about the nature of science] , learning how scientists and engineers have applied

physical principles to achieve technological goals and how the resulting technologies have
gained prominence in the marketplace and have influenced society and culture.
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Concept Map of Physics Disciplinary Core Ideas
In meeting the performance expectations selected for this instructional segment,
instructors must introduce some DCIs as well as build on the DCIs introduced in the middle
grades. Figure 8.43 shows a concept map with the relationships between DCIs introduced
during the middle grades and high school level. This concept map is not a conceptual flow
with a specific order or sequence, nor is it a comprehensive illustration of all ideas that
should be taught in the courses. Nor does it illustrate interdisciplinary connections that
should be drawn. It may, however, be helpful in identifying how DCIs build from middle
grades to high school and relate to one another. This map is explicitly placed at the end of
the unit so that readers view it with a full appreciation of how these DCIs must be explored
using the other two dimensions of CA NGSS as outlined in the course above. The concept
map is limited only to DCIs, so even if students had a full appreciation of the content of
these maps, they also need practice in doing science and engineering (SEPs) and identifying
big-picture relationships to other disciplines (CCCs).
Figure 8.43. Relationship of DCIs in Physics including High School and Middle Grades
Content

Diagram by M. d’Alessio
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High School Four-Course Model:
Earth and Space Sciences
Introduction to the Earth and Space Sciences Course
According to the Next Generation Science Standards:
Students in high school develop understanding of a wide range of topics in Earth
and Space Science (ESS) that build upon science concepts from middle school
through more advanced content, practice, and crosscutting themes. There are
five ESS standard topics in high school: Space Systems, History of Earth, Earth’s
Systems, Weather and Climate, and Human Sustainability. The content of the
performance expectations are based on current community-based geoscience
literacy efforts such as the Earth Science Literacy Principles (Wysession et
al., 2012), and is presented with a greater emphasis on an Earth Systems
Science approach. There are strong connections to mathematical practices of
analyzing and interpreting data. The performance expectations strongly reflect
the many societally relevant aspects of ESS (resources, hazards, environmental
impacts) with an emphasis on using engineering and technology concepts to
design solutions to challenges facing human society. While the performance
expectations shown in high school ESS couple particular practices with specific
disciplinary core ideas, instructional decisions should include use of many
practices that lead to the performance expectations. (NGSS Lead States 2013c)
By the time students enter high school, they are able to develop a sophisticated
understanding of processes that shape the world around them. Earth science is a central
part of the CA NGSS, and this document lays out a rigorous high school laboratory course
that addresses the new standards.
The emphasis within the CA NGSS is on the processes that shape our Earth. These
processes are best understood when thinking about the Earth as a “system of systems.”
A system [CCC-4] includes component parts, interactions between those parts, and
exchanges of energy and matter to the world outside the system. Each of the following
Earth systems is shaped by its internal workings and its interactions with the other systems:
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•

Atmosphere: gases around the Earth (i.e., our air)

•

Hydrosphere: all the water (sometimes ice is considered separately as the cryosphere)

•

Geosphere: inorganic rocks and minerals

•

Biosphere: all life
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•

Anthrosphere: humanity and all of its creations (This sphere is not specifically
mentioned in the NRC Framework because it is primarily part of the biosphere.
Separating this sphere out emphasizes the significant influences humans have on
the rest of Earth’s systems and is consistent with the Environmental Principles and
Concepts [EP&Cs] that are part of the CA NGSS.)

The CA NGSS has titled this discipline Earth and space sciences (ESS) to emphasize that
while Earth exists as a singular planet, its systems are strongly influenced by interactions
with the broader universe.
While the DCIs explore a range of interactions, the NGSS authors state that interactions
between the anthrosphere and the other systems [CCC-4] should always be a large
part of the discussion: “The performance expectations strongly reflect the many societally
relevant aspects of ESS (resources, hazards, environmental impacts) with an emphasis on
using engineering and technology concepts to design solutions to challenges facing human
society” (NGSS Lead States 2013c).
The CA NGSS do not specify which phenomena to explore or the order to address topics
because phenomena need to be relevant to the students that live in each community
and should flow in an authentic manner. This chapter illustrates one possible set of
phenomena that will help students achieve the CA NGSS performance expectations. Many
of the phenomena selected illustrate California’s EP&Cs, which are an essential part of
the CA NGSS (see chapter 1 of this framework). However, the phenomena chosen for this
statewide document will not be ideal for every classroom in a state as large and diverse
as California. When bringing the CA NGSS to their classroom, Earth science teachers have
great opportunities to make the subject matter regionally relevant. Coastal communities
may wish to focus on different spheres of interaction than farming communities in the
Central Valley. Despite these regional differences, a large fraction of California’s students
live in densely urban communities where ties to the natural environment are less apparent.
When describing possible directions for meeting the performance expectations, this chapter
identifies options most relevant for urban youth and also includes an entire segment to
explore urban geoscience issues.
This example course is divided into instructional segments centered on questions about
observations of a specific phenomenon. Different phenomena require different amounts
of investigation to explore and understand, so each instructional segment should take a
different fraction of the school year. As students achieve the performance expectations
within the instructional segment, they uncover DCIs from Earth and space sciences and
engineering. Students engage in multiple practices in each instructional segment, not only
2016 California Science Framework
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those explicitly indicated in the performance expectations. Students also focus on one or
two CCCs as tools to make sense of their observations and investigations; the CCCs are
recurring themes in all disciplines of science and engineering and help tie these seemingly
disparate fields together.
This chapter clarifies the general level of understanding required to meet each
performance expectation, but the exact depth of understanding expected of students
depends on this course’s place in the overall high school sequence. Teachers could modify
the content and complexity so that the course serves as a basic freshman introduction
to science, serves as a senior capstone that integrates and applies science learning from
all previous science courses, or aligns with the expectations of advanced placement or
international baccalaureate curriculum.

Example Course Mapping for an Earth and Space Sciences Course
The CA NGSS DCIs for ESS are intentionally organized by scale and sequence: from
the beginning of the universe toward the present and from the inside of the Earth to the
outside. While this sequence is an excellent framework for organizing the present-day state
of knowledge about ESS, it does not fully reflect the process of scientific discovery nor is
that sequence consistent with the stated emphasis to “design solutions to challenges facing
human society” (NGSS Lead States 2013c). While topics such as the origin of our universe
inspire great curiosity, their solutions have less direct and tangible impact on human lives.
A large focus of this course is on energy and climate issues (table 8.8; figure 8.44). The
course begins with a tangible and relevant example of a phenomenon that illustrates Earth’s
interacting systems, the formation and extraction of fossil fuels such as oil and gas. That
instructional segment then motivates the study of climate change, IS2, because it illustrates
a direct cause and effect [CCC-2] relationship between human activities and the natural
climate system. Subsequent instructional segments explore other interactions within Earth’s
systems and then revisit the issue of how climate change could impact those particular
Earth systems.
Despite this overall emphasis on the interaction between Earth systems and humans today,
the course ends with two instructional segments that discuss the Earth’s place in the universe.
These instructional segments address fundamental questions related to our origin and
emphasize that the human desire to understand is also an essential part of scientific practice.
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Table 8.8. Overview of Instructional Segments for High School Earth and Space Sciences

1

Oil and Gas
Oil and gas are resources that allow us to harness
energy from ancient life but also cause us to unleash ancient
carbon into the atmosphere.

2

Climate
Data reveal that carbon in our atmosphere has a big
impact on global temperatures and climate. Humans, in turn,
have a big impact on carbon in our atmosphere.

3

Mountains, Valleys, and Coasts
Water shapes and sculpts our landscapes. The process
is sometimes thought of as slow and steady but often occurs
as catastrophic events when driving forces exceed resisting
forces.

4

Water and Farming
California depends on its precious water resources to
sustain its people and its farms.

5

Causes and Effects of Earthquakes
Earthquakes and motion at the surface give clues to
what goes on deep inside the Earth.

6

Urban Geo-science
The majority of California residents live in urban areas
that are shaped by the natural environment. Our urban
expansion in these areas requires that we also think about
how human activity in turn affects the natural environment.
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7

Star Stuff
Everything on Earth is made of “star-stuff.” Earth
depends on its closest star, the Sun, for almost all its energy.
The light from all stars provides clues about what they are
and how they shine.

8

Motion in the Universe
The structure of objects in our universe and the motions
of all bodies within it are driven by the competition between
the explosive force of the Big Bang and the attractive force of
gravity.

Sources: Kounce 2008; adapted from Geophysical Fluid Dynamics Laboratory 2007; United States
Geological Survey/Photo by R.L Schuster 2004; Seigmund 2006; United States Geological Survey/
Photo by Charles E. Meyer 1999; Reiring 2009; National Astronomical Observatory of Japan,
Institute of Space and Astronautical Science/Japan Aerospace Exploration Agency 2006; NASA, ESA,
and the Hubble SM4 ERO Team/Space Telescope Science Institute 2009
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Figure 8.44. Conceptual Flow of Instructional Segments in High School Earth and Space
Sciences Course
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Earth and Space Sciences Instructional Segment 1:
Oil and Gas
Without energy, California’s transportation and commerce would come to a
screeching halt. More than half of our electricity and almost all of our transportation is
currently provided by fossil fuels. California holds about 10 percent of all the proven oil
reserves in the United States and is currently the third largest oil producing state in the
country. This instructional segment explores where those fuels came from and the effects
that extracting and burning them have on our global climate.

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 1:
OIL AND GAS
Guiding Questions
• Where do oil and gas come from?
• How are gas and oil deposits related to carbon cycling and Earth systems?
• What is the impact of driving cars and using other fossil fuels on the Earth systems?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at
different spatial and temporal scales to form continental and ocean-floor features. [Clarification
Statement: Emphasis is on how the appearance of land features (such as mountains, valleys,
and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result
of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive
mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:
Assessment does not include memorization of the details of the formation of specific geographic
features of Earth’s surface.] (Introduced here, but revisited from in IS3 and again in IS4)
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the
hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: The carbon
cycle is a property of the Earth system that arises from interactions among the hydrosphere,
atmosphere, geosphere, and biosphere. Emphasis is on modeling biogeochemical cycles that
include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including
humans), providing the foundation for living organisms.]
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 1:
OIL AND GAS
HS-ESS2-7. Construct an argument based on evidence about the simultaneous coevolution of
Earth’s systems and life on Earth. [Clarification Statement: Emphasis is on the dynamic causes,
effects, and feedbacks between the biosphere and Earth’s other systems, whereby geoscience
factors control the evolution of life, which in turn continuously alters Earth’s surface. Examples
include: how photosynthetic life altered the atmosphere through the production of oxygen, which in
turn increased weathering rates and allowed for the evolution of animal life; how microbial life on
land increased the formation of soil, which in turn allowed for the evolution of land plants; or how
the evolution of corals created reefs that altered patterns of erosion and deposition along coastlines
and provided habitats for the evolution of new life forms.] [Assessment Boundary: Assessment
does not include a comprehensive understanding of the mechanisms of how the biosphere interacts
with all of Earth’s other systems.]
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS2.A: Earth Materials and
Systems

[SEP-7] Engaging in
Argument from Evidence

ESS2.B: Plate Tectonics and
Large-Scale System Interactions

[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation

ESS2.D: Weather and Climate

[CCC-7] Stability and
Change

ESS2.E: Biogeology
ESS3.A: Natural Resources
Highlighted California Environmental Principles and Concepts:
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: WHST.9–12.1a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Understanding the importance of fossil fuels begins with an understanding of the
interactions among life, the atmosphere, and rocks over geologic time (ESS2.A, ESS2.E).
When asked what the Earth might have looked like when it first formed 4.6 billion years
ago, students’ images might be informed by prior knowledge that may include nonscientific
sources and may not be consistent with the scientific understanding that Earth was
lifeless. Teachers may need to explicitly discuss existing ideas and their sources before
beginning instruction. When Earth first formed, its interior was still very hot and its interior
rapidly convected (ties to HS-ESS2-3). Hot magma rising up is part of convection, so rapid
convection caused volcanic activity in Earth’s early history. When these volcanoes erupted,
they released large amounts of gas that built up our early atmosphere with CO2. Around
3.4 billion years ago, organisms evolved that could perform photosynthesis, a process
which disassembles CO2. This marked the beginning of life’s interaction with the global
carbon cycle, an example of Earth’s interacting system [CCC-4] of systems (biosphere
interacts with atmosphere). In the CA NGSS, students must use evidence like the graph
in figure 8.45 and their model of photosynthesis (HS-LS1-5) to construct an argument
[SEP-7] that life has been an important influence on other components of the Earth system

(HS-ESS2-7). Early on, ocean water and chemical reactions with rock material absorbed
much of the oxygen that plants produced. By examining records from rock layers, students
can reconstruct aspects of Earth’s early history (HS-ESS1-6). They can see evidence of
biosphere-geosphere interactions in deep red rock layers that accumulated at the bottom of
the ancient ocean called “banded iron” (because they are rich in red iron oxides). The oldest
banded iron formations provide evidence of when plants first evolved, and thick deposits
of banded iron about 2.4–1.9 billion years ago reveal another major change [CCC-7] —the
expansion of multicellular cyanobacteria and a boom in photosynthesis.
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Figure 8.45. CO2 and Earth’s Atmosphere
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Concentrations of CO2 and O2 in Earth’s atmosphere over its history. Dramatic changes happened as
plants used CO2 to grow biomass and released O2 during photosynthesis. Diagram by M. d’Alessio,
based on data from Holland 2006

The exchange of carbon between the atmosphere and the biosphere is just one of many
important interactions between Earth’s systems [CCC-4] that involve the movement of
carbon (EP&C III). In fact, one of the few additions that California made in adopting the CA
NGSS was to add this sentence to the Clarification Statement for Performance Expectation
HS-ESS2-6: “The carbon cycle is a property of the Earth system that arises from interactions
among the hydrosphere, atmosphere, geosphere, and biosphere.” Students are already
familiar with cycles of matter within a system from the middle grades investigation of the
water cycle (5-LS2-1, MS-ESS2-4). Scientists track the movement of carbon atoms through
the carbon cycle much like they track the movement of water molecules through the
water cycle. In both cases, scientists think about the cycle of matter [CCC-5] within a
closed system [CCC-4] because at this point in Earth’s history, very little water or carbon
is leaving the planet or arriving from space. We simply need to track the movement of the
matter that is already here.
In the CA NGSS, students must develop a quantitative model [SEP-2] of the carbon
cycle (HS-ESS2-6), which needs to include the following:
1. Places where carbon accumulates within the Earth system (called “reservoirs,”
reminiscent of the storage of water in the water cycle)
2. Processes by which carbon can be exchanged within and between reservoirs (called
“flows”)
3. The relative importance of these reservoirs and processes based on the amount of
carbon they hold or transfer
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Various representations exist for the carbon cycle, including simple diagrams like figure
8.46. Interactive animations (WGBH n.d.), hands-on experiments (see Oregon Museum
of Science and Industry http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link47), and kinesthetic
activities build on the static illustrations to help students develop conceptual models [SEP-2]
of the reservoirs and processes by which carbon is exchanged between these reservoirs.
Figure 8.46. The Carbon Cycle

Source: WGBH n.d.

For example, students can develop a simple physical model [SEP-2] of the
atmosphere–ocean system [CCC-4] by adding pH indicator to water in a closed container
(see IS1 of the chemistry course). Students can use this model to investigate [SEP-3]
what happens as a plant grows, a candle burns, or a person exhales through a straw
into the water. They notice that pH changes as CO2 from these sources interacts with the
water to form carbonic acid. This same chemical reaction happens at the global scale with
interactions between the atmosphere and the hydrosphere (PS1.B; IS6 of the chemistry
course), making Earth’s oceans one of the biggest reservoirs of carbon on the planet
(see table 8.9. Carbon Reservoirs and Atmospheric Flows for the relative sizes of different
reservoirs). Students will explain [SEP-6] how the concentration of CO2 in the atmosphere
affects the rate of the chemical reaction in HS-PS1-5 and the final concentration of acid in
the ocean is an example of a system in equilibrium as explored in HS-PS1-6. Because the
system is near equilibrium, massive amounts of carbon (~80 Gt) are absorbed into the
ocean while massive amounts are also released back to the atmosphere. These opposite
flows are similar in magnitude but do not balance out—the ocean absorbs about 2.5 Gt/yr
more of carbon from the atmosphere. Then it releases back, causing the ocean to become
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more acidic. An acidic ocean can cause [CCC-2] major damage to plankton (which form
the base of the ocean food chain, LS2.A, LS2.B) and coral reefs (which host a large portion
of the ocean’s biodiversity), both of which affect [CCC-2] sea life (LS3.C). Scientists use
complex computer models to calculate the expected changes in ocean chemistry based
on different human activities, and the CA NGSS pushes students to use simple computer
representations of models [SEP-2] to illustrate the relationships between different
Earth systems [CCC-4] and to quantify [CCC-3] how human activities change these
systems (HS-ESS3-6; see IS2 for examples).
Table 8.9. Carbon Reservoirs and Atmospheric Flows
CARBON RESERVOIRS AND ATMOSPHERIC FLOWS
FORM OF
CARBON

AMOUNT IN
RESERVOIR

FLOW RATE WITH
ATMOSPHERE

Atmosphere

Mainly carbon
dioxide (gas)

840 Gt

Greenhouse gases are increasing
due to human activities

Biomass
(biosphere)

Sugar, protein,
etc. (solid, liquid)

2,500 Gt
(mostly in
plants and
soil)

About 120 Gt per year into and
out of air. Currently absorbing
about 2.5 Gt per year

Ocean
(hydrosphere)

Mostly dissolved
bicarbonate salts

41,000 Gt

About 80 Gt per year into and
out of air. Currently absorbing
about 2.5 Gt per year

Sedimentary rocks
(geosphere)

Carbonate
minerals (solid)

60,000,000 Gt

Negligible annually but important
over very long time scales

Fossil Fuels
(geosphere/
anthrosphere)

Methane (gas)
Petroleum (liquid)
Coal (solid)

10,000 Gt

About 9 Gt/year into
atmosphere, mostly from
burning as fuels for energy

RESERVOIR

Units are Gigatons (Gt) of carbon. 1 Gt = 1 billion tons
Table by Dr. Art Sussman, courtesy of WestEd

Table 8.9 also reveals that the single largest reservoir of carbon is not in the air or
water, but in rocks. How does it get there? After students learn about the chemical
composition of life (LS1.C), they are able to explain why carbon is so important for so many
of life’s systems [CCC-4] (HS-LS1-6). Living organisms are therefore a large reservoir of
carbon. When those organisms die, the carbon stored in their bodies can accumulate in
layers that are buried over geologic time. Students developed models of sedimentary rock
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formation as part of a broader rock cycle in the middle grades (MS-ESS2-1). In high school,
students will connect that model to the processes that drive the cycle (HS-ESS2-1 and
HS-ESS2-3) in IS3 and IS4. Just like students tracked materials through the rock cycle in the
middle grades, they will track carbon through a cycle in this instructional segment.
Heat and pressure caused by burial speed up chemical reactions within organic material
embedded in rocks, slowly reorganizing the carbon and other elements into new, easily
combustible molecules that we call fossil fuels, including oil (petroleum) and natural gas
(including methane). To ensure that students see the connection between past life and oil
formation, students can draw the stages of oil formation to summarize an article presented
in writing (National Energy Education Development Project 2012a). Extracting oil and
gas from deep within the Earth and burning it harnesses energy that ancient plants and
animals collected millions of years ago and that has been stored as chemical potential
energy in materials trapped underground for millions of years. These materials are very
valuable for generating electricity, fueling our vehicles, and generally enabling modern
society to thrive. Unfortunately, fossil fuels form very slowly and only under specific
conditions and are therefore considered “nonrenewable” because we consume them much
more rapidly than they form. Access to fossil fuels occurs in specific places on Earth, and
California has large deposits.

Opportunities for ELA/ELD Connections
Have students select and read a current article, from a scientific site or publication, about
the different stages of oil formation and what it means to be a nonrenewable fuel
source. Have students develop and use some type of note-taking guide based on
the organization of the topic and subtopics in the article (cause/effect, Cornell notes,
or summarizing key ideas using critical vocabulary) or a reading annotation system
(highlighting main ideas or claims, underlining supporting evidence, circling critical vocabulary, and placing a question mark by unknown content).
CA CCSS for ELA/Literacy Standards: RST.9–12.2, 4, 5
CA ELD Standards: ELD.PI. 9–12.6

In the process of releasing energy [CCC-5] , burning fossil fuels also releases carbon
into today’s atmosphere that had been removed from the atmosphere by ancient plants and
animals and trapped underground for millions of years. The release of carbon occurs when
CO2 forms during combustion, which is one of the reaction types that students should be
able to explain in HS-PS1-2. Students’ quantitative models [SEP-2] of the carbon cycle
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must therefore include some measures of this human impact and its relative contribution
to the planet’s overall carbon budget. Human activities are, as of 2014, adding about 10
gigatons of carbon per year to the atmosphere, primarily from burning of fossil fuels. This
means that our anthrosphere is adding more net carbon to the atmosphere than any of the
other Earth systems [CCC-4] . Humans annually emit roughly 135 times more carbon than
volcanoes, which originally supplied Earth’s early atmosphere with a rich concentration of
CO2 (Gerlach 2011). Students will build on this understanding of both the natural cycling of
carbon and their own impact on the carbon cycle in the next instructional segment about
global climate.

Earth and Space Sciences Instructional Segment 2: Climate
The topic of global climate change offers an excellent opportunity to explore
the concept of planet Earth as a system (ESS2.A) and to apply science and
engineering practices to a very important and highly visible societal issue. While the details
of global climate change are complex and technical, the underlying science is fundamentally
simple and has been known for a long time. The main ideas relate to
•

the flows of energy into, within, and out of the Earth system;

•

Earth’s cycles of matter, especially the carbon cycle;

•

the effects of human activities, especially the combustion of fossil fuels.

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 2:
CLIMATE
Guiding Questions
• What regulates weather and climate?
• What effects are humans having on the climate?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth’s surface can
create feedbacks that cause changes to other Earth systems. [Clarification Statement: Examples
should include climate feedbacks, such as how an increase in greenhouse gases causes a rise
in global temperatures that melts glacial ice, which reduces the amount of sunlight reflected
from Earth’s surface, increasing surface temperatures and further reducing the amount of ice.
Examples could also be taken from other system interactions, such as how the loss of ground
vegetation causes an increase in water runoff and soil erosion; how dammed rivers increase
groundwater recharge, decrease sediment transport, and increase coastal erosion; or how the
loss of wetlands causes a decrease in local humidity that further reduces the wetland extent.]
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 2:
CLIMATE
HS-ESS2-4. Use a model to describe how variations in the flow of energy into and out of Earth’s
systems result in changes in climate. [Clarification Statement: Examples of the causes of climate
change differ by timescale, over 1-10 years: large volcanic eruption, ocean circulation; 10-100s
of years: changes in human activity, ocean circulation, solar output; 10-100s of thousands of
years: changes to Earth’s orbit and the orientation of its axis; and 10-100s of millions of years:
long-term changes in atmospheric composition.] [Assessment Boundary: Assessment of the
results of changes in climate is limited to changes in surface temperatures, precipitation patterns,
glacial ice volumes, sea levels, and biosphere distribution.]
HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the
hydrosphere, atmosphere, geosphere, and biosphere. [Clarification Statement: The carbon
cycle is a property of the Earth system that arises from interactions among the hydrosphere,
atmosphere, geosphere, and biosphere. Emphasis is on modeling biogeochemical cycles that
include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including
humans), providing the foundation for living organisms.]
HS-ESS3-2. Evaluate competing design solutions for developing, managing, and utilizing energy
and mineral resources based on cost-benefit ratios.* [Clarification Statement: Emphasis is on the
conservation, recycling, and reuse of resources (such as minerals and metals) where possible, and
on minimizing impacts where it is not. Examples include developing best practices for agricultural
soil use, mining (for coal, tar sands, and oil shales), and pumping (for petroleum and natural gas).
Science knowledge indicates what can happen in natural systems—not what should happen.]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature) and
their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean
composition).] [Assessment Boundary: Assessment is limited to one example of a climate change
and its associated impacts.]
HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth
systems and how those relationships are being modified due to human activity.* [Clarification
Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere,
cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human
activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic
biomass on land and an increase in ocean acidification, with resulting impacts on sea organism
health and marine populations.] [Assessment Boundary: Assessment does not include running
computational representations but is limited to using the published results of scientific
computational models.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 2:
CLIMATE
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-1] Asking Questions
and Defining Problems
[SEP-2] Developing and
Using Models

ESS1.B: Earth and the Solar
System

[CCC-2] Cause and Effect:
Mechanism and Explanation

ESS2.A: Earth Materials and
Systems

[CCC-4] Systems and System
Models

[SEP-4] Analyzing and
Interpreting Data

ESS2.D: Weather and
Climate

[CCC-5] Energy and Matter:
Flows, Cycles, and Conservation

[SEP-5] Using Mathematics
and Computational
Thinking

ESS3.A: Natural Resources

[CCC-7] Stability and Change

[SEP-7] Engaging in
Argument from Evidence

ESS3.D: Global Climate
Change
ETS1.A: Defining and
Delimiting Engineering
Problems

Influence of Science,
Engineering, and Technology on
Society and the Natural World

ETS1.B: Developing Possible
Solutions

Connections to Nature of Science
Science Addresses Questions
About the Natural and Material
World

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1, 2, 7, 8
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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The performance expectations in this instructional segment build on significant work
on DCIs related to weather and climate (ESS2.D) in the middle grades standards in
which students learned that ocean and atmospheric currents are the equivalent of Earth’s
circulation system, transferring heat from the warm equator towards the cooler poles and
bringing the planet closer to thermal balance (MS-ESS3-4). Students have also learned
about the role that moving air masses play in determining short-term weather (MS-ESS2-5).
They have been introduced to climate change and that global average temperatures
have risen in the last century and have investigated possible causes (MS-ESS2-6). In
this instructional segment they must delve into a more sophisticated understanding of
Earth’s energy [CCC-5] balance and its relationship to the global carbon cycle [CCC-5] .
The crosscutting concept of systems [CCC-4] is crucial to understanding Earth’s
climate. When scientists think about a system, they need to consider the energy and
matter [CCC-5] that flow into or out of the system, as well as the inner workings of the

system. In some systems, it is hard to decide where to draw the boundaries between what
is considered inside the system and what is considered outside, but Earth’s climate does not
present such a challenge if we consider the entire planet as a system. Earth is somewhat
isolated out in space, with relatively little matter entering or leaving the planet. Energy
[CCC-5] , however, flows into and out of the Earth (figure 8.47).
Figure 8.47. Energy Flows in the Earth System

ENERGY FLOWS AND THE EARTH SYSTEM
Visible light
and short wave
infrared (IR)
from the Sun
radiates to
planet Earth.

About one third
of sunlight does
not heat the
Earth system.

Some long
wavelength IR
radiates to outer
space without
being absorbed
in atmosphere.

n

ctio

e
refl

Greenhouse gases
radiate long wave infrared
within atmosphere,
back to surface,
and to outer space.

Winds and ocean currents move heat energy within the Earth system

Most of the absorption of light energy happens at Earth’s surface.
Absorbed light energy is transferred to heat energy. Areas nearer to
the equator absorb much more sunlight and are much warmer than
areas nearer the poles.

SYSTEM

SYSTEM

from equatorial regions toward the poles.

EARTH

EARTH

Earth’s surface heats the
atmosphere by conduction
and by radiating long wave
infrared that is absorbed by
greenhouse gases.
Sunlight energy
changes to
heat energy

OUTER SPACE

Energy flows in the Earth system, an illustration of a systems model. Diagram by Dr. Art Sussman,
courtesy of WestEd.
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Students can make a conceptual model of Earth’s energy budget using an analogy of the
line for a ride at an amusement park. The constant stream of eager visitors arriving at the
end of the line represents solar radiation. As visitors get on the ride at the front of the line,
they act like energy radiating out into space. Earth’s global average temperature measures
the amount of heat stored internally in Earth’s system and so it is like the number of people
waiting in line at any given time. The line will remain the same length if people get on
the ride as quickly as new people arrive at the end of the line. Earth’s temperature will
remain stable [CCC-7] as long as the energy input and output remain unchanged.
Earth’s energy [CCC-5] input comes almost entirely from the Sun. While there is a
small amount of radioactive decay within Earth’s interior that generates heat, the flow of
solar energy to Earth’s surface is about 4,000 times greater than the flow of energy from
Earth’s interior to its surface. Relatively small changes in the solar input can result in an
ice age or the melting of all of Earth’s ice, much like the sudden arrival of a large group at
an amusement ride can cause the line to quickly grow longer. The line will stabilize at this
new length (without continuing to grow) as long as the influx of people returns back to its
original rate. Planets can do the same thing, maintaining their temperature at a new value
after a temporary disturbance.
Most of the sunlight that reaches Earth is absorbed and transformed to thermal energy
[CCC-5] . If there were no atmosphere to hold that energy, it would radiate right back into

space as infrared radiation (like an unpopular amusement park ride where people get on as
soon as they arrive because there is no line). Gases in the atmosphere, such as CO2, absorb
infrared energy heading into space and cause [CCC-2] it to remain within the Earth system
for a longer period of time. Because these gases have the same effect as a greenhouse
where heat is trapped inside the system, gases like CO2 are referred to as greenhouse
gases. Calculations by scientists show that if Earth had no greenhouse gases, its surface
temperature would be near 0°F (or -18°C) instead of its current value of a much warmer
59°F (15°C). The energy coming into the Earth is still balanced almost exactly by what is
leaving the planet but there is enough heat trapped in the system to allow life to thrive (like
the amusement park ride whose line is always the same length).
By increasing the amount of greenhouse gases in the atmosphere, human activities are
increasing the greenhouse effect and warming Earth’s climate. In a given year, less energy
leaves Earth than arrives. It’s like one of the seatbelts breaks on the amusement park ride
and fewer people are able to get on the ride at a time. All of a sudden, the line gets longer
and longer as new people arrive because people are not able to leave the line as quickly
at the front. At the amusement park, this might lead to impatient children. On Earth, the
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imbalance in energy flows leads to an overall rise in average temperature.
Amusement parks and planets are systems [CCC-4] with complicated inner workings.
When lines for one ride at an amusement park get too long, visitors inside the park may
respond by going to another ride or park operators may add additional workers or cars
to help move people through more quickly. Similar changes happen in Earth’s system
of systems. While the greenhouse effect seems like a simple cause and effect [CCC-2]
relationship viewed from outside the system, interactions within the system can often
give rise to more complicated chains of cause and effect referred to as feedbacks. Climate
scientists are particularly concerned about feedback effects that could increase the amount
and rate of global climate change. One example is that global warming is clearly reducing
the amount of ice on our planet (figure 8.48). Glaciers around the world are shrinking in
size and even disappearing. The amount of ice covering the ocean in summer and fall is
also shrinking. As the ice melts, the surface beneath it is darker in color and absorbs more
incoming sunlight. More absorption causes more heating, and this heating causes even
more absorption of sunlight. This kind of feedback loop amplifies or reinforces the change,
and the distinction between cause and effect [CCC-2] begins to blur as each effect causes
more change. The clarification statements in the CA NGSS and many scientists use the term
positive feedback, but this term should be replaced because it leads to confusion—many
reinforcing feedbacks have very negative outcomes.
Figure 8.48. A Reinforcing Feedback in Earth’s Climate
Temperature ⬆ ⬆ ⬆ ⬆

Absorption of
Sunlight
⬆ ⬆ ⬆

Temperature ⬆ ⬆ ⬆

⬆ ⬆
g Ice ⬆
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g Ice
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⬆

A reinforcing feedback in Earth’s climate system. As the planet warms, more ice will melt, which will
expose darker ground surfaces that absorb more sunlight, which will in turn make temperatures rise
even more. Diagram by M. d’Alessio and A. Sussman.
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A counterbalancing feedback loop reduces the amount of change (figure 8.49). For
example, warmer temperatures cause more water to evaporate, which enables more clouds
to form. Since clouds reflect sunlight back into space, more clouds cause more incoming
solar energy to be reflected before it has a chance to be absorbed by the planet. This
causes decreasing global temperatures. More warming could cause more cloud formation
and reflection, which would then lead to less warming again.7 These changes are opposite
and can balance each other out.
Figure 8.49. A Counterbalancing Feedback in Earth’s Climate System

Clouds ⬆

Temperature ⬆

Sunlight Reﬂection ⬇

Sunlight Reﬂection ⬆

Temperature ⬇

Clouds ⬇

Temperature changes cause changes to the number of clouds because of evaporation. Clouds, in turn,
reflect light. Diagram by M. d’Alessio and A. Sussman.

Scientists discover these complicated interactions between different components of
Earth’s systems [CCC-4] by looking for trends and patterns [CCC-1] in climate data.
The CA NGSS have a strong emphasis on data analysis, especially in the sections related to
weather and climate:
An important aspect of Earth and space science involves making inferences
about events in Earth’s history based on a data record that is increasingly
incomplete th[e] farther you go back in time … . Students can understand the
analysis and interpretation of different kinds of geoscience data [that] allow
students to construct explanations for the many factors that drive climate
change over a wide range of time scales. (NGSS Lead States 2013c)

7. Even though this example describes a counterbalancing feedback involving clouds, clouds are also involved in a reinforcing
feedback where they trap more heat, causing more evaporation, and more clouds that trap more heat. Both of these
mechanisms occur on Earth. The question researchers are currently trying to answer is, “Which feedback loop is more powerful,
reinforcing or counterbalancing?” Cause and effect [CCC-2] gets very complicated in the Earth system.
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Some of the strongest evidence [SEP-7] about our changing climate comes from icecore records (figure 8.50). As snow accumulates over time in glaciers around the globe, it
traps both the water that recently fell as precipitation and air bubbles. These air bubbles
act as tiny time capsules that allow scientists to study actual samples of the ancient
atmosphere. Since snow and ice build up seasonally, the timing of each layer of ice and
its trapped air bubbles can be counted like tree rings. Scientists make detailed chemical
analyses of the water to reconstruct the global average temperature.8
Figure 8.50. Temperature and Carbon Dioxide Over the Last 800,000 Years

Source: The Royal Society 2014

The temperature record from the last half-million years reveals some dramatic patterns
[CCC-1] as temperatures go up and down with a periodicity of about 100,000 years, each

low temperature an ice age (NOAA 2015). When students examine such data, they should
be able to ask questions [SEP-1] about which parts of the climate system [CCC-4] might
have caused [CCC-2] these changes. If students compare temperature reconstructions
with reconstructions of the amount of energy [CCC-5] received from the Sun (which varies
as the Earth’s orbit wobbles and the Sun’s energy output changes cyclically over time), they
will discover that the data sets have a similar pattern [CCC-1] : many warm periods in the
ice core data correspond to periods of higher solar energy input (EP&C II). This seems quite
reasonable because the Sun’s input should influence our temperature. However, there are

8. Details of how this isotopic analysis provides a proxy for global temperature is beyond the scope of high school performance
expectations, but is a fascinating example of physics, chemistry, and Earth science working together.
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also time intervals where the Earth was hot that do not correspond to high solar energy.
The pattern [CCC-1] in the history of the concentration of CO2 in Earth’s atmosphere
and temperatures is very similar; the two are highly correlated. This correlation is a key
piece of evidence [SEP-7] that CO2 also plays a role in affecting Earth’s temperature. In
a classroom, this correlation can motivate a discussion of Earth’s energy budget and the
greenhouse effect.
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Earth and Space Science Snapshot 8.9:
Letters to the Editor and Evaluating Climate Change Graphs
Anchoring phenomenon: Two news stories about the same scientific research
have different headlines and are supported by different graphs of the same data set.

Earlier in the year, Ms. Q had her students read about how to evaluate
[SEP-8] the scientific arguments made in media sources using a checklist
called the Science Toolkit (see UC Museum of Paleontology at http://www.
cde.ca.gov/ci/sc/cf/ch7.asp#link48). To begin this unit, she had them
read two Internet articles with radically different headlines that each used a graph of
global temperature as evidence [SEP-7] . Students worked in pairs to evaluate the two
articles based on the criteria outlined in the Science Toolkit. As Ms. Q walked around the
room, Fernando asked her about the sources: “This article is from NASA, but what is the
Weekly Star? Who wrote it?” She encouraged him to do a quick internet search about the
newspaper’s editorial board. A bit later, Cynthia mentioned that both articles use graphs
(figure 8.51), but they look totally different.
Figure 8.51. Two Representations of the Same Data Set by Different Sources
Long-Term Global Warming Trend
Continues
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Ms. Q then asked the whole class to discuss the graphs and construct an argument
[SEP-7] about which graph contained stronger evidence [SEP-7] . Ali noticed that one
graph included a much longer span of time, “and climate is supposed to be a long-term
thing.” Jenni said, “This graph has four lines from scientists all over the world that all
show the same ups and downs. That shows science is repeatable, and I like that.” To
conclude the lesson, students wrote letters to the editor in response to the Weekly Star
article articulating their argument [SEP-7] .
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In the CA NGSS, students combine their general understanding with computational
thinking [SEP-5] by using simple computer simulations (see PhET, The Greenhouse

Effect at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link49) to model the flow of energy
[CCC-5] into and out of the Earth and the role that CO2 and other greenhouse gases

play in that process (HS-ESS2-4). Scientists use simulators of Earth’s climate called global
climate models [SEP-2] (GCMs) that are much more detailed and include many other
processes and interactions between Earth systems [CCC-4] . The assessment boundary of
HS-ESS3-6 states that students should not be required to run their own models [SEP-2] ,
though simplified versions of GCMs exist for educational purposes (see Columbia University,
Educational Global Climate Modeling Web site at http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link50 and Java Climate Model at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link51). The
advantage of these models is that they enable students to turn on and off different parts
of the Earth system to see how they affect the climate. For example, students can compare
a model of the Earth without the biosphere to a model that includes the biosphere. As
CO2 increases in the atmosphere, plant growth decreases the impact of global warming (a
counterbalancing feedback). Comparing the predictions of a computer model that allows
ice to melt with one in which ice is not allowed to melt is another form of analyzing and
interpreting data [SEP-4] and can help build students’ mental models [SEP-2] of the

climate system. Models [SEP-2] , as defined in the CA NGSS, represent a system that
allows for predicting outcomes, so the output of a computational model can sometimes
be more useful at anticipating the future than simply examining historical data. Ultimately,
students need to be able to communicate their mental model by describing specific
feedbacks in the Earth system using an argument (HS-ESS2-2). In a classroom, various
student teams could examine different elements of an Earth system using teacher-provided
results of model runs or creating their own with educational GCMs. They could then compile
brief reports to share with their classmates about the effects [CCC-2] of these different
processes on global climate.
Another crucial observation about Earth’s climate is that the concentration of CO2 and
other greenhouse gases in our atmosphere has been growing steadily since the dawn of the
industrial era. Students should be able to make connections to the previous instructional
segment and know that the vast majority of this increase comes from humans’ extraction
and combustion of fossil fuels. GCMs allow scientists and students to see how the climate
is expected to change as greenhouse gases trap more energy in the atmosphere. Because
of the linkages between different components of Earth’s systems [CCC-4] , these impacts
extend to all of Earth’s systems. Figure 8.52 shows a few of these linkages. In a classroom,
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different student groups could obtain information [SEP-8] from library and Internet
resources to construct a report on the impact predicted for different parts of the world so
that the class as a whole could create a product to share with the rest of their school that
summarizes the global impacts (HS-ESS3-6).
Figure 8.52. Cause and Effect Chains Illustrate How Human Activities Affect
Natural Systems
Burning Fossil Fuels

More C02 in Atmosphere
More C02 in Ocean

SEA LEVEL RISE

HIGHER AIR
& OCEAN
TEMPERATURES

CHANGING RAIN
PATTERNS

OCEAN
ACIDIFICATION

One example of how humans affect the climate, which impacts all parts of Earth’s systems. Illustration
by Dr. Art Sussman, WestEd, and Lisa Rosenthal, WGBH.

The remaining instructional segments in this course investigate [SEP-3] different
Earth systems [CCC-4] and their interactions. By placing climate change early in the
course, teachers can use climate impacts in California as a common thread that highlights
the interdependence of Earth’s systems (ESS2.A). This document describes specific climate
impacts in each of the subsequent instructional segments.
EEI Curriculum units—The Life and Times of Carbon and The Greenhouse Effect on
Natural Systems (http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link52 and http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link53)—explore human practices that can influence the global
carbon cycle and how human activities affect quantities of greenhouse gases. These units
can be used in conjunction with this instructional segment to provide materials that examine
EP&Cs III and IV.
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Engineering Connection:
Evaluating Renewable Energy Options
Ultimately, any discussion of climate change should begin to explore technological
solutions that could reduce emissions of greenhouse gases. In a classroom, students
can calculate their own carbon footprints to further understand how they contribute
to the human impacts on the global carbon cycle. They can explore renewable energy
options and debate the pros and cons of each possible energy source for meeting
society’s needs (National Energy Education Development Project 2012b) (HS-ESS3-2,
HS-ETS1-1). They can complete the project by creating another summary product for
their school that communicates [SEP-8] some steps that individuals could take to
reduce their impact on the climate system, or recommend broader actions that their
school and community could take that will have an even larger effect.

Earth and Space Sciences Instructional Segment 3:
Mountains, Valleys, and Coasts
Earth scientists look at landscape and ask questions [SEP-1] about the
processes that shaped it and the specific sequence of events in the past when those
processes occurred. Scientists plan and carry out investigations [SEP-3] to answer those
questions, but investigations in Earth and space science cannot always take the same
experimental form with the testing of hypotheses as they might in analytical chemistry or
experimental physics. Many Earth processes take millions of years and cover thousands of
miles of area occuring too slowly and at too big a scale to reproduce in a lab. Geologists
often refer to the Earth as their natural laboratory, but they are only permitted to look at the
final result of its ancient experiments (Earth’s present-day landscape). These investigations
often begin when Earth scientists make careful observations of what the Earth looks like
today and then try to reproduce similar features in small-scale laboratory experiments or
computer simulations.
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 3:
MOUNTAINS, VALLEYS, AND COASTS

Guiding Questions
• How did California’s landscape get to look the way it does today?
• What forces shape the Earth’s surface?
• How do those processes affect humans?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at
different spatial and temporal scales to form continental and ocean-floor features. [Clarification
Statement: Emphasis is on how the appearance of land features (such as mountains, valleys,
and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result
of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive
mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:
Assessment does not include memorization of the details of the formation of specific geographic
features of Earth’s surface.] (Revisited from IS1 and again in IS4)
HS-ESS2-5. Plan and conduct an investigation of the properties of water and its effects on
Earth materials and surface processes. [Clarification Statement: Emphasis is on mechanical and
chemical investigations with water and a variety of solid materials to provide the evidence for
connections between the hydrologic cycle and system interactions commonly known as the
rock cycle. Examples of mechanical investigations include stream transportation and deposition
using a stream table, erosion using variations in soil moisture content, or frost wedging by
the expansion of water as it freezes. Examples of chemical investigations include chemical
weathering and recrystallization (by testing the solubility of different materials) or melt
generation (by examining how water lowers the melting temperature of most solids).]
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human
activity. [Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities
on natural systems.* [Clarification Statement: Examples of data on the impacts of human activities
could include the quantities and types of pollutants released, changes to biomass and species
diversity, or areal changes in land surface use (such as for urban development, agriculture and
livestock, or surface mining). Examples for limiting future impacts could range from local efforts
(such as reducing, reusing, and recycling resources) to large-scale geoengineering design solutions
(such as altering global temperatures by making large changes to the atmosphere or ocean).]
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 3:
MOUNTAINS, VALLEYS, AND COASTS
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature) and
their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean
composition).] [Assessment Boundary: Assessment is limited to one example of a climate change
and its associated impacts.]
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

ESS2.A: Earth Materials and
Systems

[SEP-3] Planning and
Carrying Out Investigations

ESS2.B: Plate Tectonics and LargeScale System Interactions

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-4] Analyzing and
Interpreting Data

ESS2.C: The Role of Water in Earth’s
Surface Processes

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS3.A: Natural Resources
ESS3.B: Natural Hazards
ESS3.C: Human Impacts on Earth
Systems
ESS3.D: Global Climate Change
ETS1.B: Developing Possible
Solutions

[CCC-7] Stability and
Change
Connections to
Engineering, Technology,
and Applications of
Science
Influence of Science,
Engineering, and
Technology on Society
and the Natural World

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 3:
MOUNTAINS, VALLEYS, AND COASTS
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1, 2, 7, 8, 9;
WHST.9–12.2a–e, 7
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a

Students can develop an Earth science mindset when they walk around their own
schoolyard and make observations about the familiar processes that led to its present-day
state (United States Geological Survey [USGS] 2015). Because they already have some
familiarity with construction equipment and the everyday wear and tear that occurs on their
school site, they will be able to recognize evidence of those past events. Most importantly,
this process prompts them to realize that they can ask questions [SEP-1] about the world
around them. Teachers can then introduce some of the natural geologic landscapes and
processes that act on Earth.
Particular emphasis in this instructional segment is placed on the erosive power of
water in shaping California’s mountains, valleys, and coasts—the intersection between the
hydrosphere and the geosphere (primarily addressed by ESS2.C). The effects of erosion
include both the wearing down of surface features (destructive forces) and the building up
surface features in other places (constructive forces). For example, as material is carved
away from one place, it can pile up and collect in other places such as floodplains, deltas,
and at the bases of landslides. Students should develop models [SEP-2] of how these
surface processes shape features on land as part HS-ESS2-1.
HS-ESS2-1 is broadly written and encompasses a huge fraction of the processes in Earth
science (constructive and destructive forces; surface processes and internal processes;
features on land and the seafloor—all spanning a broad range of spatial and temporal
scales). For this reason, it is revisited several times throughout this course. To reduce
this vast performance expectation down to a scale that can be assessable in a classroom,
teachers can select specific local features, and students can draw models [SEP-2] similar
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to figure 8.53 and figure 8.54 that explain [SEP-6] how the selected local landform was
shaped over time. Or, teachers could take a broader view of this performance expectation
and use it to explain global features like mountain chains, mid ocean ridges, and deep-sea
trenches a part of a unit on plate tectonics.
Figure 8.53. Forces that Shape Earth’s Surface: Internal Versus External and Constructive
Versus Destructive
Surface processes
Destructive forces
Sea

Land
Constructive forces
Constructive
forces

Internal Processes

Landscapes are shaped by the balance between constructive and destructive forces driven by
processes inside the Earth and on the surface. In the CA NGSS, students are expected to develop
a model of how these processes combine to shape the land surface and the seafloor (HS-ESS2-1).
Diagram by M. d’Alessio.

Today the tallest mountain in the contiguous United States is Mt. Whitney, but at one
time the Sierra Nevada were much taller. Over time, layers of rock several miles thick have
eroded away from these mountains. Early geologists conducted investigations [SEP-3] by
making observations in the foothills of the Sierra Nevada and collected the first convincing
evidence of this erosion. They observed ancient lava flows high above valley floors and
named them “table mountains” because the flat tops of the lava flows resembled tables
(figure 8.54). Since lava always flows to the lowest points in a landscape, such as river
channels, geologists questioned what lava flows were doing on the top of the mountain.
The best explanation is that lava flowed down river channels at the bottom of valleys.
Then, water running off the slopes of the Sierra Nevada slowly eroded material away from
these foothill locations. The lava was more resistant to erosion than the surrounding rocks,
so erosion carried away the surrounding material and left the lava-filled meandering river
channels sticking up. Two examples, each named Table Mountain, can be seen while driving
along Highway 108 in Tuolumne County and Highway 70 in Butte County. These features
allow visitors to visualize how much material has been carried away since the lava flows
2016 California Science Framework
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formed just a few million years ago. Where did that sediment go? Much of it was carried
down to the Central Valley below, which has accumulated miles of deep sediment, including
the top layer of fertile soil that gives the area its agricultural productivity (to be discussed in
IS4 on Water and Farming).
uolumne a le

ountain

ear amesto n

Time 1
Time 2

Ancient river channel

Ancient valley ﬂoor
Lava ﬁlls river channel & hardens
Erosion wears away soft valley rocks

Time 3

Le Conte’s mental model

Le Conte’s
sketch

igure

Hard volcanic rock remains

This much rock eroded away in the last
9 million years!
Ancient valley ﬂoor

Current valley ﬂoor

Le Conte Sketch from: http://www.gutenberg.org/ﬁles/46379/46379-h/46379-h.htm; Photo courtesy of Kirk Brown, SJCOE

Tuolumne Table Mountain near Jamestown, CA reveals how much soil and rock has eroded. Joseph
LeConte sketched the drawing on the top for a textbook he wrote in 1882. Source: LeConte 1892;
photo by Kirk Brown; illustration by M. d’Alessio
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In the 1850s, geologists in California like Joseph LeConte9 began to look at landscapes
and construct mental models of how landscapes developed and changed by erosion. These
mental models required testing, so Earth scientists conducted small experiments of erosion
in laboratories. A stream table (a sloped table or plastic bin covered with sand and other
earth materials and flooded with water) is a platform for exploring erosional processes; it
can be used for hands-on investigation [SEP-3] and as a physical model [SEP-2] that
can predict possible outcomes. Teachers can use stream tables to help meet some of
the performance expectations of the CA NGSS, including having students ask questions
[SEP-1] and plan their own investigations [SEP-3] (HS-ESS2-5). Students can recreate

California landforms such as the Sierra Nevada and Central Valley in a stream table and
watch as sediment slowly accumulates in deep layers in the valley, or even be given a range
of materials to see if they can produce the mesa-like features of Table Mountain.
While erosion appears to happen slowly and steadily over time, most erosion events are
actually quite rapid changes taking place as catastrophic events like landslides. This example
of stability and change [CCC-7] builds on ideas about the rates of Earth processes first
introduced in second grade (2-ESS1-1) and erosional processes explored in fourth grade
(4-ESS2-1). In high school, students put those two ideas together, noticing how balancing
feedbacks prevent erosion from staying fast for very long. When the movement of water
drives erosion, the steepness of the slope has a huge impact on the rate of erosion because
water builds up more kinetic energy when accelerating down a steep hill (PS2.A). As the
water molecules collide with the soil and rock, they can dislodge individual pieces and carry
them away. Steeper slopes erode more quickly, causing the slopes to flatten and slowing
erosion (figure 8.55). Erosion occurs when the driving forces suddenly exceed the resisting
forces. A cliff can fall if either the resisting force is reduced (by undercutting the supporting
material at the base of the cliff) or if the driving forces are increased (by higher waves,
faster river flows, or additional weight from new construction or a slope saturated with
heavy water from irrigation or a rainstorm). When designing new buildings or landscape
projects, geotechnical engineers make careful calculations of how their projects affect both
the driving forces and resisting forces.

9. LeConte was one of the first faculty at the University of California and a charter member of the Sierra Club. There are several
schools in California named after him including ones in Los Angeles and Berkeley.
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Figure 8.55. Balancing Feedback in Erosion
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A counter-balancing feedback loop causes erosion to occur at a slow and steady rate. Diagram by
M. d’Alessio.

In a classroom, students can observe slow and steady erosion punctuated by rapid
landslides as well as the balancing feedback in a stream table. The slow movement of
sediment from the base of a cliff eventually hits a critical point and a massive piece of
the cliff suddenly falls. The erosion rate then slows because the cliff erodes into a flatter
slope. California’s coastal bluffs repeatedly face this problem, often eroding many feet in
a single storm and then remaining stable for decades. Students can investigate [SEP-3]
actual coastal erosion rates using online collections of historical photos as found in Google
Earth and the California Coastal Record to measure the impact of waves on the coastline
(HS-ESS2-5). Figure 8.56 shows oblique aerial photos of Pacifica, California from Google
Earth that are precise enough that students can measure the amount of coastline erosion as
a classroom experiment.
Figure 8.56. Coastal Erosion in Pacifica

2002

2008

Very little erosion, 6 years

2009

2010

A lot of erosion, 1 year

Changes over time in coastal bluffs in Pacifica, California. The yellow triangle shows the migration
of the cliff top from year to year at a single position. By 2010, the cliff is located directly beside the
apartment building. Source: Images from California Coastal Records Project 2017. Copyright © 20022015 Kenneth & Gabrielle Adelman, California Coastal Records Project, www.californiacoastline.org
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Engineering Connection:
Mitigating Erosion Hazards
When the natural process of erosion affects humans, it becomes a natural hazard.
Students can explain some of the common impacts of erosion in California (HSESS3-1). They can also engage in an engineering design problem to reduce these
impacts (HS-ESS3-4). Students can design and build erosion control measures using
stream tables as well as read about actual measures that are taken in places like
Pacifica and locations all along the California coastline. The engineering solutions either
involve (1) increasing the strength of the hillside (by adding plants with root systems
to stabilize the hillside, building support walls, or covering the cliff with concrete); or
(2) reducing the driving forces (by placing rocks or sea walls to reduce the speed of
waves when they hit the natural hillslope and through better drainage). Students should
compare and evaluate solutions based on prioritized criteria and tradeoffs that account
for a range of constraints, including cost, safety, reliability, and aesthetics. (HS-ETS1-3;
EP&C V). Sometimes, technologies that reduce the impact of erosion on people can have
adverse impacts on ecosystems (EP&C III). Students should consider and evaluate the
environmental impacts of their design and refine it to reduce those impacts (HS-ESS3-4).

Using the models [SEP-2] they have developed, the CA NGSS asks students to make
predictions about the future of erosion if California’s climate shifts (HS-ESS3-5). California
may face rising sea levels and periods of intense drought followed by intense storms. Rising
sea levels combined with high storm surges means there will be greater driving forces for
coastal erosion. Even if California receives less rainfall overall, intense bursts of rainfall could
lead to increased erosion overall. The high runoff from intense storms causes faster flow
rates in rivers and over the land surface, which also increase the driving forces of erosion.
EEI Curriculum unit Liquid Gold: California’s Water explores human impacts resulting
from the methods used to move large amounts of water. This unit is available from
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link54 and can be used in conjunction with this
instructional segment to provide materials that examine California’s EP&C V.
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Earth and Space Sciences Instructional Segment 4:
Water and Farming
California is the largest agricultural producer in the country. Its farming success
depends on three main natural resources: its climate, fertile soil, and the availability of
massive amounts of water for irrigation. Previous instructional segments in this course have
discussed the climate system and the source of its fertile soils. This instructional segment
focuses on the availability of water and how humans have impacted that availability.

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 4:
WATER AND FARMING

Guiding Questions
• Why do droughts have such a strong impact on California and other parts of the world?
• How will changes in climate affect our water resources?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human
activity. [Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
HS-ESS3-3. Create a computational simulation to illustrate the relationships among
management of natural resources, the sustainability of human populations, and biodiversity.
[Clarification Statement: Examples of factors that affect the management of natural resources
include costs of resource extraction and waste management, per-capita consumption, and the
development of new technologies. Examples of factors that affect human sustainability include
agricultural efficiency, levels of conservation, and urban planning.] [Assessment Boundary:
Assessment for computational simulations is limited to using provided multi-parameter programs
or constructing simplified spreadsheet calculations.]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature) and
their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean
composition).] [Assessment Boundary: Assessment is limited to one example of a climate change
and its associated impacts.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 4:
WATER AND FARMING
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

ESS2.C: The Roles of Water in
Earth’s Surface Processes

[CCC-2] Cause and Effect:
Mechanism and Explanation

[SEP-3] Planning and
Carrying Out Investigations

ESS3.A: Natural Resources

[CCC-7] Stability and
Change

[SEP-4] Analyzing and
Interpreting Data

ESS3.C: Human Impacts on
Earth Systems

[SEP-5] Using Mathematics
and Computational Thinking

ESS3.D: Global Climate Change

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ETS1.C: Developing Possible
Solutions

ESS3.B: Natural Hazards

ETS1.A: Defining and Delimiting
Engineering Problems

Connections to
Engineering, Technology,
and Applications of Science
Influence of Science,
Engineering, and
Technology on Society and
the Natural World

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 2, 7, 8, 9; WHST.9–12.2a–e, 7
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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The instructional segment begins by drawing on the knowledge students gained about
the hydrologic cycle in the middle grades (MS-ESS2-4). They should already know that
agriculture is by far the number one user of developed water (>75 percent of all consumed)
and that the state gets its water from a combination of groundwater pumping (20-40
percent, depending on the year) and surface water from dams and reservoirs (Legislative
Analyst’s Office 2010). Articles about California’s water supplies along with some hands-on
demonstrations of the groundwater storage capacity of different Earth materials can serve
as valuable review of these topics (see Liquid Gold: California’s Water at http://www.cde.
ca.gov/ci/sc/cf/ch8.asp#link55 and the EPA’s, Water Sourcebook: a Series of Classroom
Activities for Grade Level 9–12 at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link56).
The high school performance expectations from the CA NGSS do not add any additional
content knowledge tasks related to the internal processes of the hydrosphere. Instead
they press students to apply the knowledge from previous grades to situations involving
hydrosphere–anthrosphere interactions (EP&Cs I, II, & III). The focus of this instructional
segment is to understand how California’s water supply is limited and will be strongly
influenced by climate change [CCC-7] . California is not alone in this situation, with water
supplies being an increasing issue worldwide as populations and agricultural demands grow.

Climate Projections
Computer models [SEP-2] of global climate change predict that California is likely to
be warmer and drier on average than at present. The California Natural Resources Agency
publishes an assessment of projected climate impacts regularly as scientists constantly develop
more accurate models. The 2012 report summarizes the projected changes as follows:
•

The average annual temperature is projected to rise 2.5-8.5°F by 2100, and the range
depends in part on how much greenhouse gas is emitted by humans around the world.

•

Rainfall is projected to drop by as much as 10 percent below the historical levels, on
average (Moser, Ekstrom, and Franco 2012).

This combination of warmth and dryness will cause significant changes to the amount of
snow in the mountains. California relies on this snowpack because it uses more water during
the summer but receives the majority of its precipitation in the winter. The state needs a
way to store water for the hot summers. It currently depends on nature’s storage system,
snow that falls in the Sierra Nevada. The snow stays frozen until spring when warm weather
melts it, filling our reservoirs just when we need them. A warmer and drier climate will
cause a severe reduction in the snowpack (figure 8.57), so the state will need to come up
with a new strategy for storing water for the hot summer.
1244

Chapter 8

2016 California Science Framework

High School Four-Course Model: Earth and Space Sciences
Figure 8.57. Projected Decreases to California’s Snowpack

More warming = Less water in the snowpack
California should expect less water in the snowpack in the second half of the twenty-first century.
Source: California Climate Change Center 2006.

California happens to lie in a unique position on the globe where even a small change
[CCC-7] to the average rainfall amount may have a dramatic impact. Even though California

receives less rainfall in an average year than many other states, the range between the
wettest years and driest years is much more extreme than just about anywhere else in the
country. This occurs because most of the state’s rainfall arrives in relatively few short and
intense storms. Despite our overall dryness, California receives some of the largest threeday storms in the country, rivaling the hurricane belt of the southeastern United States in
rainfall intensity. “Thus, whether just a few large storms arrive or fail to arrive in California
can be the difference between a banner year and a drought” (Dettinger et al. 2011). This
dependence makes us particularly sensitive to small changes [CCC-7] in global climate.
California seems to receive these intense storms due to a unique atmospheric effect
termed atmospheric rivers (figure 8.58). While it is common to have lots of moisture in
the air over the Equator and tropics, there is typically less moisture in the air at the midlatitudes where California lies. When unique conditions set up in the ocean and atmosphere,
these atmospheric rivers act like narrow conveyor belts that push air containing excessive
amounts of water vapor thousands of miles. Not all of California’s storms are caused by
atmospheric rivers, but many of the largest and most intense ones are. Scientists are
still trying to figure out the exact conditions that give rise to atmospheric rivers, but
small changes [CCC-7] in climate are likely to have substantial impact on whether or not
they form and send moisture towards California. As a result, climate change will likely cause
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some years to be dramatically wetter than the past while other years will be much drier. The
average will balance out to a smaller overall change, but our droughts could become even
more severe.
Figure 8.58. Satellite Image of Atmospheric Water Vapor Reveals an Atmospheric River
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Sources: National Oceanic and Atmospheric Administration, Earth System Research Laboratory 2015

Managing Water Supplies
Computer simulations [SEP-2] serve as bookends to this instructional segment in

which students explore issues in aquifer management (see The Basin Challenge at http://
www.cde.ca.gov/ci/sc/cf/ch8.asp#link57 (HS-ESS3-3). When they engage in the activity
at the beginning of the instructional segment, they can explore parameters and discover
some of the issues and choices that affect water supplies. By the end of the instructional
segment, they should have a more specific understanding of the processes involved in water
availability, storage, and use. As a culminating assessment, students can conduct a roleplaying negotiation in which they determine how much groundwater different communities
are able to extract (HS-ESS3-1) (see the Environment and Sustainability Negotiation RolePlay from Harvard Law School’s Program on Negotiation at http://www.cde.ca.gov/ci/sc/cf/
ch8.asp#link58). Such scenarios are increasingly realistic as the demands of a growing urban
population in California’s Central Valley, agriculture, and protection of aquatic ecosystems
have become increasingly competitive. Students can explore some of these issues of water
supply and demand in several articles such as Liquid Gold: California’s Water (http://www.
cde.ca.gov/ci/sc/cf/ch8.asp#link59). They can analyze the human impacts resulting from
the methods used to move large amounts of water and examine EP&C V. Appendix 3 of this
framework provides a complete vignette guiding teachers through a way to teach skills of
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computer science in tandem with ESS DCIs. According to the developmental progressions in
appendix 1 of this framework, high school students should be able to “create and/or revise a
computational model or simulation” as part of computational thinking [SEP-5] .
Because agriculture is so dependent on water, it makes sense to explore the impact
of climate change [CCC-7] on different crops (HS-ESS3-5). Students may select one of
California’s signature agricultural products (such as grapes, almonds, oranges, dairy, and
avocados) and research the optimal growing conditions including the temperature and
moisture requirements for such crops. They will investigate [SEP-3] where each crop is
grown in California and why it is grown there. They can then refer to results from climate
change models [SEP-2] that show how different regions will be affected by climate
change. Will this increase or decrease productivity? Published simulations for specific crops
are already available (Parker 2007; Hanson et al. 2010; Joyce et al. 2006), so students
could compare their own assessment to these scientific models. By running their own
climate simulations using published educational climate models, students can explore a
range of different emissions scenarios to try to figure out if there is an acceptable threshold
at which the crop would still achieve high productivity (HS-ETS1-4).

Water Quality
Even when California has enough water available, there are issues of water quality
and contamination. Strict state and federal laws protect water, but the combination of
accidents and infrastructure that predates those laws leave us with an ongoing legacy of
contaminated water. Teachers should tailor activities about water quality around the local
issues faced by their community.
Contamination comes from both individual sites (point sources) and the cumulative
effect of water running off over large areas and picking up contaminants across these areas
(nonpoint sources). The reason for making this distinction is that point sources are easy to
identify and therefore eliminate. Industry, oil and gas production, and mining are the most
common sources of point-source pollution. In most cases, nonpoint sources are actually
caused by many individual point sources, but they are too small to track down. Lawns in
a suburban neighborhood and farms in rural regions, both of which supply pesticides and
excess fertilizer to runoff, are usually considered nonpoint sources, but it is important to
note that individual people are actually responsible for all of these pollutants and could be
educated to reduce this impact. In many cases in urban and suburban California, individual
homeowners are partly responsible for water contamination. Students can prepare a
brochure communicating [SEP-8] strategies for reducing water pollution and distribute it
to homes in the neighborhood.
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Students could obtain water-quality test kits and make measurements in natural
waterways or in urban runoff. If they identify unacceptable levels of pollution, they can plan
a more detailed investigation with strategically located water-quality samples that can help
pinpoint the source(s).
Students can also obtain information [SEP-8] about larger pollution sources by looking
up EPA Superfund sites in their area (that frequently have contaminated water; see http://
www.cde.ca.gov/ci/sc/cf/ch8.asp#link60).

Engineering Connection: Water Filtration
California is home to state-of-the art water treatment plants and rigorously enforced
regulations, but much of the rest of the world struggles to find clean and safe water.
Students could obtain information [SEP-8] about water treatment and purification
systems in their community, or be given engineering challenges to design water
purification systems (such as Engineering is Elementary, Water, Water Everywhere at
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link61). These systems have a lot in common
with the natural groundwater system, which is an excellent filtration system. This is
why digging groundwater wells can dramatically decrease health risks from waterborne
pathogens in third-world countries (HS-ETS1-1). This framework calls on students to
perform a similar design process in fifth grade, but students can return to the problem in
high school with a broader understanding of the properties of water.
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Earth and Space Sciences Instructional Segment 5:
Causes and Effects of Earthquakes
California is famous for its earthquakes, but not because it has the most
earthquakes or even the largest ones (Alaska holds both those titles among US states).
It is probably most famous because its earthquakes impact more people than any other
state. In this instructional segment, students learn about the effects of earthquakes, how
earthquakes have shaped California’s history and geography, and how forces deep within
the Earth cause earthquakes.

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 5:
CAUSES AND EFFECTS OF EARTHQUAKES

Guiding Questions
• What causes earthquakes?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS1-5. Evaluate evidence of the past and current movements of continental and oceanic
crust and the theory of plate tectonics to explain the ages of crustal rocks. [Clarification
Statement: Emphasis is on the ability of plate tectonics to explain the ages of crustal rocks.
Examples include evidence of the ages oceanic crust increasing with distance from mid-ocean
ridges (a result of plate spreading) and the ages of North American continental crust increasing
with distance away from a central ancient core (a result of past plate interactions).]
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at
different spatial and temporal scales to form continental and ocean-floor features. [Clarification
Statement: Emphasis is on how the appearance of land features (such as mountains, valleys,
and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result
of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive
mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:
Assessment does not include memorization of the details of the formation of specific geographic
features of Earth’s surface.]
HS-ESS2-3. Develop a model based on evidence of Earth’s interior to describe the cycling of
matter by thermal convection. [Clarification Statement: Emphasis is on both a one-dimensional
model of Earth, with radial layers determined by density, and a three-dimensional model, which
is controlled by mantle convection and the resulting plate tectonics. Examples of evidence
include maps of Earth’s three-dimensional structure obtained from seismic waves, records of the
rate of change of Earth’s magnetic field (as constraints on convection in the outer core), and
identification of the composition of Earth’s layers from high-pressure laboratory experiments.]
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 5:
CAUSES AND EFFECTS OF EARTHQUAKES
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human activity.
[Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-2] Developing and
Using Models

PS1.C: Nuclear Processes

[CCC-1] Patterns

PS4.A: Wave Properties

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS1.C: The History of Planet
Earth

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-7] Engaging in
Argument from Evidence

ESS2.B: Plate Tectonics and
Large-Scale System Interactions

ESS2.A: Earth Materials and
Systems

ESS3.A: Natural Resources

[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation
[CCC-7] Stability and
Change

ESS3.B: Natural Hazards
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.5; RST.11–12.1; WHST.9–12.2.a–e
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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The deadliest earthquake in US history was the 1906 earthquake in San Francisco
(an estimated 3,000 people died), but many earthquake scientists argue that the 1906
earthquake was also the most scientifically valuable earthquake ever (USGS 2012). The CA
NGSS push students to appreciate and be able to articulate the role of natural hazards in
human history (ESS3.B), an example of geosphere-anthrosphere interactions. A historical
overview of earthquakes in California helps illustrate those interactions and also motivates a
deeper investigation of processes within the geosphere that cause earthquakes.
This instructional segment begins with students exploring the evidence [SEP-7] of
how earthquakes affect people through a case study of a historical earthquake in California
(HS-ESS3-1). Major earthquakes in Northern California (1989 Loma Prieta) and Southern
California (1994 Northridge) make excellent case studies, as do smaller more local recent
earthquakes. Internet image databases allow students to find images of a locally relevant
earthquake (see The Earthquake Engineering Online Archive at http://www.cde.ca.gov/ci/
sc/cf/ch8.asp#link62). Students can conduct independent research about this earthquake
and compile a comprehensive list of hazards that earthquakes pose. Figure 8.59 shows
an example of how these hazards can be classified. From the perspective of cause and
effect [CCC-2] , earthquakes have only two effects that are caused directly by the earth

movement: ground shaking and offset of land along fault ruptures. The rest of the disasters
that occur during earthquakes are effects of those events, so events like tsunamis, fires,
and building collapses are often referred to as indirect effects. Like many natural hazards,
the events in the geosphere trigger a range of problems for the lives and property of
humans (anthrosphere). In California, engineering designs have substantially reduced these
indirect impacts. For example, the 1994 Northridge earthquake in Southern California was
about the same magnitude as a 2003 earthquake in Bam, Iran. The impacts within the
geosphere were similar, but the impact to the anthrosphere differed dramatically. Even
though they both occurred in the center of cities in the early morning hours, fewer than
70 people died in California while more than 25,000 are estimated to have died in Iran
because of widespread collapse of homes. The difference is primarily because laws adopted
by California communities, called building codes, require builders to use innovative building
designs that are strong enough to stand up to earthquakes. Building codes are updated
regularly and enforced rigorously in California communities. Many countries around the
world have adopted similar building codes, but in poorer nations they are not enforced
because many of the measures require additional cost or expertise. Natural hazards usually
impact poorer communities the most, and this remains true in California as much as the rest
of the world.
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Figure 8.59. Direct and Indirect Earthquake Impacts
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Most earthquake impacts are indirectly caused by shaking and fault rupture. Figure by M. d’Alessio
with images from USGS 2008, 15; National Oceanic and Atmospheric Administration/National
Geophysical Data Center (NOAA/NGDC) 1964; San Francisco Fire Department 1989; NOAA/NGDC,
U.S. Geological Survey 1980; NOAA/NGDC, University of Colorado at Boulder 1979; USGS 1995; USGS
2005; adapted from Hey Paul 2003

Any discussion of earthquakes inevitably leads to the question of whether or not we can
predict them; that requires knowing their root cause. The understanding of how Earth’s
internal processes cause earthquakes made some of its most important advances right here
in California. A case study of the 1906 earthquake illustrates earthquake effects and ties to
California history. As part of an effort to create accurate navigational charts, surveyors had
mapped many parts of California in the mid-1800s. When the 1906 earthquake occurred, it
was clear that the land had moved and there was great interest in the scientific community
to see if there was a systematic pattern. Measurements taken shortly after the earthquake
in 1906-07 showed that the Earth had moved up to 10 meters in some spots, and that
locations west of the San Andreas fault all moved northwest while locations east of the fault
moved the opposite direction. What was more dramatic was that surveys repeated several
years later revealed that the Earth continued moving following this systematic pattern for
years after the earthquake.
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Opportunities for ELA/ELD Connections
Students research and compare the cause(s) and effects of the 1906 San Francisco
earthquake and a more recent earthquake, such as the 1989 Loma Prieta or the 1994
Northridge earthquakes. The informational report should include the potential impacts and hazards that earthquakes pose and any indirect effects of the earthquakes.
Have students discuss which earthquake was more destructive than the other and
support their views with evidence from the texts.
CA CCSS for ELA/Literacy Standards: WHST.9–12.2, 9; RST.9–12.1, 2, 9
CA ELD Standards: ELD.PI. 9–12.6, 10

Earth’s systematic movements before, during, and after earthquakes are key pieces of
evidence that establish the relationship between earthquake and broader plate motions. In
middle grades, students already used continent shapes, fossils, and seafloor structures to
provide evidence of past plate motions (MS-ESS2-3). In high school, students add a very
modern piece of evidence from global positioning system (GPS) measurements throughout
the world. These measurements work using the same system as navigation systems in cars
and cell phones but are significantly more precise. Students examine real-time maps of
motion around California and the globe recorded by these devices (see UNAVCO, Real-time
velocity viewer, at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link63 or UNAVCO, Jules Verne
Voyager Jr., at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link64).
These velocity maps (figure 8.60) reveal that large sections of the Earth all move
together in the same direction at the same time (we call these section plates). Areas where
the velocities of two adjacent sections are radically different are plate boundaries where
dramatic things can happen. Students can identify plate boundaries on velocity maps and
then relate them to the locations of earthquakes, volcanoes, mountains, and the shape of
the ocean floor using either Google Earth or traditional paper maps (see Rice University
Discovering Plate Boundaries at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link65). Students
can use the relative motions shown by the velocity arrows along with these other surface
features to discover that some plates move away from one another while others crash
together or slide horizontally past one another (discovering the types of plate boundaries).
Plate motions are one of the key constructive processes that build landscapes (figure
8.52) and extend the destructive processes explored in IS3. Using hands-on activities
involving sandboxes (Feldman, Cooke, and Ellsworth 2010) or paper models [SEP-2]
(Alpha and Lahr 1990), students visualize the deformation that occurs near the surface at
these boundaries (HS-ESS2-1). Students use Google Earth to find real-world examples of
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topographic features such as linear mountain ranges or fault scarps. Students should be
able to use the GPS velocity maps to identify those areas and use this information to explain
the seafloor age patterns (HS-ESS1-5), which reveal locations where new magma rises up as
plates spread apart forming new seafloor and where old seafloor dives under another plate
when the plates crash together.
Figure 8.60. Present-Day Plate Motions
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Velocites from U.C. Berkeley’s BA VU1.01, 2004. Shown relative to stable Nubia as defined by Kreemer , 2003. Plate Boundaries from Peter Bird, UCLA 2003.
Compiled by M. d’Alessio, U.C. Berkeley under the DLESE CA Pilot Project.

GPS velocities recorded at stations around the world reveal present-day plate motions. Arrow size
relates to the speed of each point. Image credit: d’Alessio n.d.

But why do plates move? One major clue comes from a key pattern in rock ages: the
continents are much older than the oceans; the oldest continental rocks are more than
4 billion years old, but no seafloor is older than 280 million years (figure 8.61). We know
that the Earth has had oceans for longer than that because pieces of ancient ocean floor
can be found on land (Mehta 2007). So what is the difference between the continents and
the ocean? One key observation is that continental rocks tend to have a lower density than
oceanic rocks. This difference is important because we know of an important density-driven
process that happens within the Earth: convection. Earth’s interior is expected to be hot
(from heat-generating radioactive elements in the interior) while its surface is adjacent
to the cold emptiness of space. From physical science (HS-PS3-4), we know that heat
will be transferred from the hot interior outward. Convection is an efficient heat transport
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mechanism that occurs when hot material rises upward, because it is less dense, while
colder material sinks because it is more dense. The oceanic crust is cold and dense and sinks
downwards at convergent plate boundaries. At the same time, hot magma, which is less
dense, rises up at divergent plate boundaries. Plate motions are the surface expression of
convection happening deep within the Earth. Students can create a model of convective heat
transport (HS-ESS2-3) with a simple lava lamp or any of the various published demonstrations
involving ice, warm water, and drops of food coloring. These models [SEP-2] do not
capture the full complexity of convection in the Earth and its relationship to plate tectonics,
but they are excellent visualizations of convection.
Figure 8.61. Seafloor Age

Age of seafloor (millions of years)
Sources: National Oceanic and Atmospheric Administration, National Centers for Environmental
Information 2008

Students should be able to use seafloor ages and surface motion rates as evidence that
convection occurs in Earth’s interior. They can communicate [SEP-8] their argument
[SEP-7] with a pictorial model [SEP-2] of Earth’s interior that has annotations to indicate

how heat transfer drives movement within the Earth (HS-ESS2-3).
For communities in Northern California near Mt. Lassen and Mt. Shasta, it may be more
appropriate to replace this instructional segment with an instructional segment on volcano
hazards. While those areas also face significant earthquake hazard, their regional identity
with these dramatic peaks makes volcanoes a more relevant topic. Teachers could develop
an instructional segment helping students achieve the same performance expectations
based on volcanoes instead of earthquakes.
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Earth and Space Sciences Instructional Segment 6:
Urban Geoscience
To culminate the study of Earth’s systems [CCC-4] and how humans interact
with them, this instructional segment describes a range of possible project ideas that make
the geologic history of a region relevant even in areas where the closest thing to a rock is
a small patch of dirt among a sea of pavement. Equally important is an exploration of some
of the ways that humans shape the landscape when they build cities. These impacts are
perfect opportunities for using engineering and technology to reduce negative impacts while
making cities more livable places. A teacher can guide students towards topics that are most
appropriate for their local area.

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 6:
URBAN GEOSCIENCE

Guiding Questions
• How do Earth’s natural systems influence our cities?
• How do cities affect Earth’s natural systems?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human activity.
[Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities
on natural systems.* [Clarification Statement: Examples of data on the impacts of human
activities could include the quantities and types of pollutants released, changes to biomass
and species diversity, or areal changes in land surface use (such as for urban development,
agriculture and livestock, or surface mining). Examples for limiting future impacts could
range from local efforts (such as reducing, reusing, and recycling resources) to large-scale
geoengineering design solutions (such as altering global temperatures by making large changes
to the atmosphere or ocean).]
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 6:
URBAN GEOSCIENCE
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-5] Using Mathematics
and Computational
Thinking

ESS3.A: Natural Resources

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS3.B: Natural Hazards
ESS3.C: Human Impacts on Earth
Systems
ETS1.B Developing Possible
Solutions
ETS1.C Optimizing Design
Solutions

[CCC-4] Systems and
system models
[CCC-7] Stability and
Change

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 2, 7, 8, 9
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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Since the beginning of civilization, the locations of human settlements have been shaped
by the natural landscape. Cities tend to be located near water sources, placed on hilltops
for visibility and protection from invaders or are built with access to a particular natural
resource such as a mine or fertile soil for farming. The location of cities is, in essence, an
example of the CCC of structure and function [CCC-6] . San Francisco was built along
San Francisco Bay because of its protection from ocean waves. The bay exists because of
movement along faults on opposite sides of the bay. Sacramento sits at the intersection
between two major rivers, including the place where gold was first discovered in California.
Both the water and the gold washed down from the Sierra Nevada which was formed by
an ancient collision between two plates. Los Angeles was founded around the Los Angeles
River, which once flowed year-round before European settlers diverted all its water for
irrigation. The beautiful views and pleasant outdoor opportunities such as hiking and biking
that make California an attractive place to live are all a direct and positive consequence of
the geologic history of the local area. Students can investigate [SEP-3] the early history of
their city and see how it relates to the topography and other natural features.
The geologic history of an area determines the stability of the ground beneath a city’s
buildings. San Francisco is founded on ancient sand dunes, a particularly unstable material
in earthquake country. But many other cities share a similar fate because most of them
were built near rivers. From IS3 on Mountains, Valleys, and Coastlines, students know
that rivers break apart rock from upstream mountains and deposit it in flatter valley areas
downstream. During rainy seasons, rivers naturally flood, adding a new layer of loose
sediment to the ground before the existing sediment has a chance to solidify. Those loose
deposits make unstable foundations, and the closer a building is to a river, the more likely
it is to be built on loose sandy soil. During earthquake shaking, wet, sandy soil begins to
flow like a liquid (a process called liquefaction) and can no longer support buildings perched
on top of it. Because of this risk, the state publishes maps showing areas with known
liquefaction hazard (California Department of Conservation 2015). Students can use these
maps to identify areas around their school that are at risk for liquefaction.
The same state hazard maps that show liquefaction hazard also show landslide hazard
zones. Landslides are an example of rapid erosion and are worse in areas with steep
mountains. California’s coastal region, housing most of the state’s population, runs along a
plate boundary where plate motion uplifts mountains causing slopes to get steep more quickly
than erosion and landslides can flatten them. A wide range of engineering solutions exists
for protecting homes built in landslide hazard zones. For schools in neighborhoods where
there is abundant landslide risk, students could explore some of these solutions [SEP-6] .
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EARTH AND SPACE SCIENCE VIGNETTE 8.4:
KEEPING IT COOL: ENGINEERING SOLUTIONS TO URBAN HEAT ISLANDS

Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS2-4 Use a model to describe how variations in the flow of energy into and out of Earth’s
systems result in changes in climate[Clarification Statement: Examples of the causes of climate
change differ by timescale, over 1-10 years: large volcanic eruption, ocean circulation; 10-100s
of years: changes in human activity, ocean circulation, solar output; 10-100s of thousands of
years: changes to Earth's orbit and the orientation of its axis; and 10-100s of millions of years:
long-term changes in atmospheric composition.] [Assessment Boundary: Assessment of the
results of changes in climate is limited to changes in surface temperatures, precipitation patterns,
glacial ice volumes, sea levels, and biosphere distribution.]
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human activity.
[Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting, and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities
on natural systems.* [Clarification Statement: Examples of data on the impacts of human
activities could include the quantities and types of pollutants released, changes to biomass
and species diversity, or areal changes in land surface use (such as for urban development,
agriculture and livestock, or surface mining). Examples for limiting future impacts could
range from local efforts (such as reducing, reusing, and recycling resources) to large-scale
geoengineering design solutions (such as altering global temperatures by making large changes
to the atmosphere or ocean).]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth systems. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature) and
their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean
composition).] [Assessment Boundary: Assessment is limited to one example of a climate change
and its associated impacts.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller,
more manageable problems that can be solved through engineering.
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria
and trade-offs that account for a range of constraints, including cost, safety, reliability, and
aesthetics, as well as possible social, cultural, and environmental impacts.
*The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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EARTH AND SPACE SCIENCE VIGNETTE 8.4:
KEEPING IT COOL: ENGINEERING SOLUTIONS TO URBAN HEAT ISLANDS
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

ESS1.B: Earth and the Solar
System

[SEP-2] Developing and Using
Models

ESS2.A: Earth Materials and
Systems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-4] Analyzing and
Interpreting Data

ESS2.D: Weather and Climate

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ESS3.B: Natural Hazards

ESS3.A: Natural Resources
ESS3.C: Human Impacts on
Earth Systems
ESS3.D: Global Climate Change
ETS1.A: Defining and Delimiting
Engineering Problems
ETS1.B: Developing Possible
Solutions

[CCC-4] Systems and
System Models
[CCC-5] Energy and
Matter: Flows, Cycles,
and Conservation
[CCC-7] Stability and
Change
Connections to
Engineering, Technology,
and Applications of
Science
Influence of Science,
Engineering, and
Technology on Society
and the Natural World

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes..
CA CCSS Math Connections: S-ID.3, 5, 9; S-IC.6; MP.1, MP.2, MP.3, MP.4, MP.7
CA CCSS for ELA/Literacy Connections: W.9–10.1a–f, 6; SL.9–10.1a–d; RST.9–10.1, 3, 7, 9;
WHST.9–10.1a–e, 6, 7, 9
CA ELD Connections: ELD.9–10.P1.1, 3, 6, 10

1260

Chapter 8

2016 California Science Framework

High School Four-Course Model: Earth and Space Sciences

EARTH AND SPACE SCIENCE VIGNETTE 8.4:
KEEPING IT COOL: ENGINEERING SOLUTIONS TO URBAN HEAT ISLANDS

Introduction
By discovering that certain urban areas are much hotter than their surroundings, students
apply and refine their existing model about Earth’s energy balance. They articulate the
mechanisms by which human activities can alter the local climate system and ultimately design
measures to reduce that impact.
Length and position in course: This vignette describes two to three weeks of instruction
and could serve as the first lesson in an instructional segment on urban geoscience. It
describes how different land uses result in changes to surface materials. Activities related to
the water cycle will naturally follow from this vignette because these same changes to the
surface also have a dramatic impact on the hydrosphere.
Prior knowledge: This vignette could support and extend students’ existing models
[SEP-2] of Earth’s energy balance (as introduced in IS2 of this course), or the vignette could
provide students initial exposure to the factors that affect a system’s temperature (that could
later be extended to the global scale [CCC-3] of Earth’s climate).
Students will need basic skills in navigating digital maps (such as Google Earth). They will
need to interpret aerial and satellite imagery, which is a unique skill (i.e., can they distinguish
a small home from a commercial building in a satellite image?). While this vignette provides
opportunities to develop those skills, they are not specifically addressed in this lesson outline.
Teacher background: Urban scientists use the term “built” environment to describe
landscapes that have been constructed and altered by humans (i.e., “man-made”). Urban
heat islands are well-known phenomena found where materials of the built environment
absorb and retain energy more readily than surrounding natural landscapes. Urban areas that
use these materials surrounded by more rural landscapes with more natural materials are
like islands of warm temperatures. There are three main ways that urban land use alters the
local energy balance: 1) natural materials tend to reflect more light than artificial materials;
2) natural landscapes retain water but most urban surfaces are designed to drain water very
efficiently. Since water has a high heat capacity, natural landscapes that retain it heat up more
slowly than built ones. The water that gets retained can also evaporate, which takes thermal
energy with it and leaves the surface cooler; and 3) human activities generate excess heat
locally. Heating and cooling buildings, combusting fuels in vehicles, using electrical appliances,
and industrial processes are all examples that generate heat.
Urban settings: The urban geoscience unit is focused on issues facing the local
community, and this vignette introduces a range of local data available freely on the Internet.
Despite the use of the word “urban,” heat islands can be found in most places where humans
modify landscapes. Small towns, farmhouses, and even different species of crops have
different thermal properties and affect local temperatures. As such, this vignette should have
broad application in most California communities, urban and rural.
5E Learning: This sequence is based on an iterative 5E model where each activity has
a role in the 5Es, but each activity also needs to include each of the 5Es along the way. The
5E model parallels the science and engineering practices of the CA NGSS in many ways, but
are applied in the perspective of lesson design. While SEPs should be shared explicitly with
students, the 5Es are only for the benefit of the teacher.
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Day 1: Built and Natural Environments
Students explore the differences between the natural and built environment and begin to
consider the interactions between these environments and the Sun.
Days 2–3: Neighborhood Temperature from Satellite
Students use satellite images displayed in Google Earth to investigate temperature
differences in their neighborhood.
Days 4–5: X-factor Temperature Investigation in the Schoolyard
Students use digital thermometers to investigate different factors that affect the local
temperature in their school.
Day 6: Historical Land-Use Changes from Online Aerial Photos
Students analyze land-use changes in their neighborhood over the last several decades
using online historical air photos.
Days 7–9: Urban Design Engineering Challenge
Students design and evaluate a city plan based on principles that will reduce the urban
heat island effect.
Day 10: Systems Within Systems
Students consider implications for other Earth systems (most notably, the water cycle and
relationships to global climate change).

Day 1: Interactions Between the Built and Natural Environment (Engage)
Everyday phenomenon: Some locations like parking lots are hotter than surrounding
areas while parks can be cooler than their surroundings.

Dr. D had written a short skit that activated students’ prior everyday experiences involving
temperature variations at different locations in their own community. She assigned different
students roles in the skit, and they acted out their parts, pretending to be hanging out after
school and discussing the hot weather. In the skit, Andrea suggested that they all go to the
beach, but Raul does not like to leave his car in the hot parking lot and his feet always get
burned on the hot sand. Sara knew this one bench at the local park that always seemed much
cooler than everywhere else. The skit finished with the students agreeing that wherever they
go, they need to leave the hot concrete steps of the school. Dr. D told students that over
the next two weeks, they would understand many details about the processes that affect
temperatures in their community.
With these ideas in mind, Dr. D had an activity she hoped would motivate students to think
about their community as a system with interacting components. She placed students in their
standard groups of four and gave each student a different card with a picture of an object
from their community on it. She asked students to identify their objects as either natural (like
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a plant, a rock, or an animal) or an object from the built environment (like a building, a
parking lot, or a fountain). She had students brainstorm about how the four different objects
in their group might interact. Casey was the class clown and comes up with a crazy story
that related the fire engine, grass, apartment building, and butterfly in his group: a butterfly
sitting on the grass narrowly escaped a lawnmower and flew up to land on the apartment
balcony, distracting the resident from her cooking, which led to a disastrous fire that needed
to be put out using the fire hydrant. Dr. D loved the story and invited Casey to relate the
story to the whole class. She used the opportunity to emphasize that some interactions
were simple and plausible and some were not. She asked students to tape their cards to the
poster board and decide on plausible interactions between the objects that they thought
were the most important to the functioning of the community. After a few minutes, she had
each group pair up with a group that received a different set of objects. Students from one
group communicated [SEP-8] their models [SEP-2] to the other group and then switched
cards. Students needed to extend their model by adding the new objects. Dr. D then added
the final and most important object. She handed each group a card showing the Sun and
asked students to draw interactions between their object and the Sun (figure 8.62). The Sun
is at the heart of Earth’s energy balance and has an effect on every object in our community.
She asked them to consider if there are differences between the way natural objects and built
objects interact with the Sun.
Figure 8.62. Example System Model Linking Objects in the Built and Natural
Environment
(Natural)
(Built)
helps tree
grow

duck sits
under shade
of tree

hea
t
pav s up
eme
nt

ff
dries o
rs
feathe

s&
warm ater
ates w
evapor
d
spl uck
a
p
s
si eo
fou hes in
fo dew ple
nta
un a wa
in
ta lk t lk
in o
o
at enj n
pa oy
rk

(Natural)

(Built)

people feed duck

(Natural)

Figure by M. d’Alessio with images from Jordan 2012; Kilby 2013; radcliffe dacanay 2008;
JGKlein 2010; nbcorp 2012
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Days 2–3: Neighborhood Temperature from Satellite (Explore)
Anchoring phenomenon: An infrared camera can “see” the difference between a cup
of hot water and a cup of cold water.

Earth scientists depend heavily on images collected by satellites to study what is
happening on Earth. Dr. D’s class next analyzed [SEP-4] two different types of satellite
pictures, one that students were already familiar with and one that they were not. She
began by engaging students with an Internet video clip of a building inspector demonstrating
applications of thermal infrared cameras. The inspector held up a mug with cold water and
one with hot coffee and showed how the camera distinguished between the two. Dr. D used
this to motivate a brief introduction to the physics of black body radiation. She knew that the
students would be using this idea again in the study of stars, so she gave a brief lecture about
how objects at different temperatures emit energy at different wavelengths. She explained
that some satellites have cameras that record the temperature of the land surface by the
radiation the land emits in infrared. The students compared these thermal maps with the
standard aerial photographs available in Google Earth, looking for patterns [CCC-1] in the
relationship between the temperature and the type of landscape and land use (different types
of natural and built environments) (figure 8.63).
Figure 8.63. Satellite Images Reveal Temperature Differences in Urban Areas
Downtown
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Satellite images in infrared reveal that different land uses cause dramatically different
temperatures in urban areas. Source: NASA n.d.; NASA/Goddard Space Flight Center Scientific
Visualization Studio 1997

1264

Chapter 8

2016 California Science Framework

High School Four-Course Model: Earth and Space Sciences

EARTH AND SPACE SCIENCE VIGNETTE 8.4:
KEEPING IT COOL: ENGINEERING SOLUTIONS TO URBAN HEAT ISLANDS

Investigative phenomenon: The temperature of the ground surface at different
locations in a city depends on the land use.

Before walking over to the computer lab, Dr. D used her classroom computer to
demonstrate how students would obtain the data and how it could be viewed in Google
Earth. She demonstrated map navigation and explained the color scale on the thermal map.
She emphasized that there is a big range of temperatures and tests students’ basic ability to
identify the relative temperature of different regions from the color by asking a few clicker
questions that the students answered using a smartphone app. She also showed students the
data entry form on the course Web site where all student observations would be collected and
analyzed together.
Once they walked over to the computer lab, she helped students log into the computers
and download the satellite data file she had preloaded on her Web site under today’s
agenda and opened up the data collection online form. Knowing this is an exciting tool, she
encouraged students to explore freely in Google Earth for about three minutes after everyone
was logged in. She eventually called the students to attention and instructed them to begin
their data collection. They worked diligently, exploring different locations on the map and
recording map location, temperature, and land-use category. The class period ended and Dr. D
ensured that students had all hit submit on their data collection forms.
When students arrived the next day, submissions from the whole class were combined in an
online spreadsheet so that everyone could analyze the large data set [SEP-4] . The students
all found that the airport runway was among the hottest places on the entire map, and that
most of the large shopping centers were very hot as well. “That makes sense because you can
feel the heat when you walk across the parking lot,” offered Micah. Many people found that
parks in the city were cooler than average, but there were a few discrepancies. Since each
student had submitted the latitude and longitude of their observation, Dr. D zoomed in on one
of these outliers. The location was much hotter than average, but it was clear that this location
was a parking lot and not a park, so the submitter made an error. Casey admitted that the
submission was his and apologized to the class, saying “It was big like a park.”
Investigative phenomenon: Schools tend to be hotter than average, but there is
variation between them.

The students were surprised to see that many of the schools in the city were hotter than
average, but not all of them. The students were skeptical of the data and insisted that Dr. D
zoom in to check the observations. They were satisfied after the data quality was confirmed
for the first few submissions. They asked questions [SEP-1] about what made one school
different from another.
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After the whole class discussion, Dr. D had students individually create a one-paragraph
summary communicating [SEP-8] the overall class findings, with an emphasis on the patterns
[CCC-1] in the data. She then randomly selected one student from each team to share their
paragraph with the others. The team members offered improvements, additions, and edits,
which were implemented in real time. At the end of class, Dr. D collected the one edited
team submission and gave each team a group grade for the final product. She confirmed that
students left class with the general understanding that many natural landscapes are cooler
than average while the built environment is often warmer than average. Students had also
come up with an appreciation that there are complexities and exceptions to this general pattern.
Days 4–5: X-Factor Temperature Investigation on the Schoolyard (Explain)
Investigative phenomenon: Two schools that look similar in an aerial photo have
different temperatures in satellite data.

Dr. D started off class with aerial pictures of two schools from their city and asked the
students to predict which one would be warmer. She intentionally selected two schools that
appeared similar in the photos but that had fairly different temperature profiles in the satellite
temperature data. This motivated students to think about the full range of possibilities that
could explain [SEP-6] the difference. “The grass looks greener in one. Do you think that
makes a difference?” “Maybe, but look at the parking lots. One is on the south side of the
school and the other is smaller and is on the north side of the school.” The students asked Dr.
D for the answer, and she replied that she honestly did not know. The students had offered up
many plausible ideas that would motivate further investigation, but in real science there is no
answer key. They had already made some interesting claims about possible influences on the
school’s temperature, but today they would need to gather evidence [SEP-7] to see if they
could support those claims.
Investigative phenomenon: Students investigate a single factor to see how much it
affects the temperature around the schoolyard.

Each group had to plan and carry out an investigation [SEP-3] into a single factor
that could have affected temperature (the “X-factor”). Each group got one digital stick
thermometer that read temperatures with a precision of 0.1 degrees (they cost about $25
each and the chemistry teacher at Dr. D’s school let her borrow a class set). Students all
agreed on these general protocols: thermometers should always be shaded with a book;
they should be held at arm’s length about one meter above the ground; and they should not
record the temperature until the thermometer has stabilized to within 0.1 degrees for at least
30 seconds. Beyond that, individual students had to decide their own procedure that would
ensure sufficient data to show a repeatable signal.
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Some of the projects the students decided include measuring temperature as a function of
•
•
•
•
•
•
•
•

distance away from a building;
distance from the center of a grassy field out towards the edges;
distance from an air conditioning unit attached to the classroom;
position along the track for the 100 m dash;
different sides of the building, as measured a fixed distance away;
type of ground-surface material, as measured at several locations close to one another;
elevation, as measured from the windows of different floors of the building;
air speed, as measured while riding a bicycle at different speeds.

Dr. D knew that some of these factors should not affect the temperature.
After collecting their data, students presented their experiment and their findings
and proposed an explanation [SEP-6] for the data [SEP-4] . Unlike a typical controlled
laboratory experiment, students could not completely isolate a single variable. As they
presented their project reports, they had to account for any unexpected variations
and construct an argument [SEP-7] that 1) their X-factor was the most important determiner
of temperature; 2) their X-factor turned out to be unimportant; or 3) an unintended variable
interfered with the ability to conclude either way. Quite often, students discovered a factor
that they did not anticipate had become more important than their original idea.
After the project presentations, Dr. D had students summarize all the findings in a twocolumn table: factors that caused [CCC-2] temperature to be warmer and those that caused
temperatures to be cooler. She then gave a short lecture defining the framework for a model
[SEP-2] of energy balances in systems [CCC-4] , including the energy input, output, and
storage within the system. She referred back to a few examples from students’ X-factor
analyses during her lecture; then she asked students to sort all the items in their original
table into three new rows corresponding to factors that had affected the amount of energy
coming into a spot (e.g., shade from trees decreases the input), the energy output (e.g., shiny
surfaces reflect light), or the energy retained (e.g., water has a high heat capacity and so a
large amount of energy can be absorbed without causing the temperature to change much).
Students applied this model to writing a scientific explanation [SEP-6] about why built
environments appear hotter than natural ones.
Day 6: Historical Land-Use Changes from Online Aerial Photos (Elaborate)
Investigative phenomenon: Many cities look very different today than they did 50
or more years ago.

Cities are not static. Dr. D engaged students by asking them if anything in the city had
changed since they were younger. How might those changes [CCC-7] have affected the
temperature of the city? Students used online archives of aerial photographs to document
some of these land-use changes (figure 8.64). Google Earth has archives going back one or
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two decades (see Google Earth Help at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link66), and
other Web sites include photos going back more than 50 years (such as Historic Aerials at
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link67). Students communicated their information
[SEP-8] with a simple timeline in which they noted changes in land use and indicated whether
or not they thought that the changes increased or decreased the local temperature and
whether this change had affected the inputs, outputs, or energy retention properties of the
system. Students loved seeing how their city had grown. Amara asked, “Didn’t they know that
they were heating up the city when they replaced that marshy area with the shopping mall?”
Figure 8.64. Aerial Photographs Around a Local High School Show Changes
Over Time

1947

2010

Figure by M. d’Alessio with images from USGS 2015
Days 7–9: Urban design engineering challenge (Evaluate)
Investigative phenomenon: How can we design a city block so that it stays cool and
is comfortable?

Dr. D began the day by showing two different designs by two different people for the same
space (figure 8.65). She asked the students to think about the process the designers went
through to create the plans. What did they consider? (HS-ETS1-1; EP&C V). She reviewed the
engineering design process and explained that it can be applied to a wide range of different
types of problems, including some that they may not have even thought of as “engineering”
before. For this scenario, the city had recognized the urban heat island problem and was
considering solutions. A developer planned to rebuild a large city block and the city council
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would evaluate a range of options. Students played the role of green urban planners
presenting their proposal to a city council design review board (HS-ETS1-2). They discussed
the constraints (i.e., what materials are available, how many people need to live on the block,
the shape and size of the available land, etc.) and the criteria for measuring success (local
temperature). They drew up a site plan, visualization sketches, and a bill of materials. As part
of their argument [SEP-7] to the city council, they had to identify the specific components
of the design that reduced urban heat island effects. Audience members evaluated the plan
and helped iteratively improve the design by offering specific suggestions for reducing urban
heating even further (HS-ETS1-3).
Figure 8.65. Two Competing Designs for a City Block by Professional Design
Companies

Source: Cal Srigley Illustration, for Rafii Architects Inc. 2015; Cedeon Design 2015
Day 10: Systems within Systems (Elaborate/Extend)
Investigative phenomenon: Simulations show that California will feel the effects of
global warming, and the change will be more pronounced in urban areas.

Dr. D used this day to explicitly relate urban heating to global climate change. She
engaged students by asking them to describe how their behavior changed on really hot
days. She then provided students with the results of simulations that indicated that the
number of extreme heat days in their city would likely go up significantly as a result of global
warming (California Energy Commission 2015), and that this change [CCC-7] would be more
pronounced in urban areas because of the urban heat island effect (figure 8.66). This data
analysis [SEP-4] activity could support HS-ESS3-5.
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Figure 8.66. Forecasts of Extreme Heat Days for Northridge, CA

Available for all of California on the Cal-Adapt Web site. Source: California Energy Commission
2015.
The class used the article “Climate Change in the Golden State” (http://www.cde.ca.gov/
ci/sc/cf/ch8.asp#link68) to gather evidence about the scale and scope of the effects of climate
changes in California. The class discussed three key questions: Can the recent changes in
California’s climate be explained by natural causes? If natural causes cannot explain the rising
temperatures, what anthropogenic factors have produced these changes? If temperatures
in California’s climate continue to rise, what effects will this have on humans and the state’s
natural systems? Dr. D prompted students to articulate the connections between human
society and natural systems (EP&Cs I, II).
The urban heat island effect is very similar to what is going on at a global scale [CCC-3]
with the greenhouse effect. Students compared the models [SEP-2] of the energy
balance of the Earth as a whole and the energy balance of a city. So far, students had
primarily focused on the interactions between the anthrosphere and the geosphere, but
now Dr. D asked students to draw a concept map relating urban heat island effects to other
Earth systems [CCC-4] . Their maps include the biosphere (that causes [CCC-2] cooling
by evapotranspiration but is also stressed by increased evaporation from elevated urban
temperatures stress plants and animals), the atmosphere (increased temperatures cause
increased evaporation), and the hydrosphere (water runs off artificial materials instead
of infiltrating into the ground). The connections to the hydrosphere offered an excellent
transition into the next topic of study, urban hydrology and water resources.
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Vignette Debrief
Most students had personally experienced the phenomenon of heat islands in the built
environment, but few had thought about it as deeply as in this vignette. Having data to measure
and being able to visualize the effect (both using satellite imagery and temperature probes)
allowed students to dive into understanding the situation using all three CA NGSS dimensions.
SEPs. After students performed two investigations [SEP-3] of temperature variations
at a range of scales [CCC-3] , they ask questions [SEP-1] about what was causing the
dramatic heat island effects. They analyzed their data [SEP-4] to help figure out the
relationship between different components in the system [CCC-4] they studied. They used
these relationships to develop a model [SEP-2] of the system. They used the data from their
investigations along with the reasoning of their model to construct an explanation [SEP-6]
about what caused [CCC-2] urban heat islands. In the engineering design challenge,
they employed engineering practice by defining the parameters of the problem [SEP-1]
and designing solutions [SEP-6] . They then created a compelling argument [SEP-7] that
their design was an effective way to mitigate human impacts on local temperature. On day 10,
students briefly explored the results of computational [SEP-5] simulations that forecast how
urban heat islands will cause an even greater impact in the future.
DCIs. Urban heat islands are a tangible example of human impacts on Earth systems
(ESS3.C) and a microcosm of the entire energy balance in the global climate system (ESS2.D).
Students began to characterize variations in Earth materials and the impact of these variations
(ESS2.A), acknowledging that the built environment is a key part of Earth’s systems.
CCCs. Students applied the crosscutting concept of systems and systems models [CCC-4]
to represent the flow of energy [CCC-5] and the interactions between energy and matter.
Students looked for patterns [CCC-1] in temperature data [SEP-4] to test for cause and
effect [CCC-2] relationships between land use and heat islands. The model [SEP-2] that
they developed was valid at a range of scales [CCC-3] from a single city block to a whole city
or the entire planet.
EP&Cs. Urban heat islands affect the welfare of humans in their everyday lives, and students
discovered that many of the best solutions to the problem involved the successful integration of
natural ecosystems within the urban core (EP&C I). At the same time, the effect of urban heat
islands extended to natural systems [CCC-4] within and beyond the urban core. For example,
excess heat from urban areas can drive evaporation that stresses ecosystems (EP&C II). Day
10 emphasized these relationships. The engineering design challenge was a realistic scenario
in which students had to support the needs of the people living in an urban city block while
reducing urban heat island effects. Their design had to consider a range of factors (EP&C V).
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
vignette students were asked to participate in small group and whole class discussions (SL.9–
10.1a–d). They analyzed data sets online and also created their own data sets by measuring
temperatures around their school looking for patterns (S-ID 3, 5, 9). Students were asked
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to summarize their findings and also write scientific explanations (W.9–10.a–f; WHST.9–
10.1a–e, 6, 7, 9). Finally, students participated in a mock city council where they presented
proposals to reduce the effects of heat islands (SL.9-12.6).
Resources
Several of the activities described in this vignette were adapted from other sources and
are cited within. Please refer to them for more detail.
The introductory lesson on the built environment and the historical aerial photo analysis
are two lessons in a much broader series of activities by Arizona State University’s Ecology
Explorers. They offer additional activities that could extend ideas in day 10 of this vignette to
investigate impacts on human heat illness, an investigation into evapotranspiration, and more.
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link69
The X-factor urban temperature analysis is a published activity: http://www.cde.ca.gov/ci/
sc/cf/ch8.asp#link70
Temperature data from day 2 come from the ASTER GED 100 m data set, which can be
downloaded at http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link71. At this point, viewing images
downloaded at that site requires specialized tools, but a service by Google called “Earth
Engine” provides convenient and user-friendly access to the ASTER GED surface temperature
data (http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link72). There are plans to create a simple
educational interface for the entire state of California specifically for this activity.
Cal Srigley Illustration, for Rafii Architects Inc. 2015. 2010 Marine Drive / 1633 Capilano Road
(Grouse Inn), Plaza Artist Rendering. http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link73
California Energy Commission. 2015. Cal-Adapt, Temperature: Extreme Heat Tool. http://www.
cde.ca.gov/ci/sc/cf/ch8.asp#link74
Cedeon Design. 2015. Proposed Commercial Square in Cambridge, UK. http://www.cde.ca.gov/
ci/sc/cf/ch8.asp#link75
JGKlein. 2010. “West Valley Regional Branch Library, Reseda, CA.” Posted at Wikimedia
Commons, http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link76
Jordan, Jonathan. 2012. “Mallard Duck on Grass.” Posted at Flickr, http://www.cde.ca.gov/ci/
sc/cf/ch8.asp#link77
Kilby, Eric. 2013. “Boston Common Fountain (HDR).” Posted at Flickr, http://www.cde.ca.gov/
ci/sc/cf/ch8.asp#link78
NASA. N.d. http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link79
NASA/Goddard Space Flight Center Scientific Visualization Studio. 1997. “Beating the Heat in
the World’s Big Cities.” http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link80
nbcorp. 2012. “Sun.” Posted at Openclipart.org, http://www.cde.ca.gov/ci/sc/cf/ch8.
asp#link81
radcliffe dacanay. 2008. “People Walking on City Street San Francisco 01.” Posted at Flickr,
http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link82
USGS. 2015. Earth Explorer. http://www.cde.ca.gov/ci/sc/cf/ch8.asp#link83
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Cities are systems [CCC-4] with interacting components that meet a wide range of
human needs. Like the broader Earth system, a city is also an example of a system of
systems: transportation, utilities, commerce, education, and other sectors of society are
all systems of their own that interact with one another. Game-based learning opportunities
allow students to explore some of these complexities and the impact that city policies can
have on the long-term sustainability of the natural environment (see ElectroCity at http://
www.cde.ca.gov/ci/sc/cf/ch8.asp#link84 and SimCityEDU at http://www.cde.ca.gov/ci/sc/cf/
ch8.asp#link85). These computer simulations allow students to explore complex real-world
problems with numerous constraints and criteria (HS-ETS1-4).

Engineering Connection: Reducing Urban Runoff
One of the biggest changes [CCC-7] an urban landscape makes upon the world is
covering soil with impermeable concrete and structures. These changes [CCC-7]
disrupt the natural hydrologic cycle, preventing water from soaking in and
becoming groundwater and instead sending it into river channels where it can
cause flooding, increased erosion, or both. As water moves across the surface in the
built environment, it carries contaminants into these waterways contaminating the
water. Students can apply their knowledge of Earth materials to explore solutions to the
urban runoff problem by designing systems to catch and filter runoff before it enters
waterways (see Engineering is Elementary Don’t Runoff at http://www.cde.ca.gov/ci/
sc/cf/ch8.asp#link86) (HS-ESS3-4; HS-ETS1-2). Harmful pollutants are just one of the
many ways that urban areas have significant impact on plant and animal life in a region
(anthrosphere-biosphere interactions, LS4.D; EP&C II).
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Earth and Space Sciences Instructional Segment 7:
Star Stuff
Once students have a firm grasp of what goes on here on Earth, the CA NGSS
asks them to ponder how Earth fits into the broader universe. The previous instructional
segments were ultimately focused on the practical ways in which Earth’s systems [CCC-4]
affect humanity today (always building towards ESS3.A, B, C, and D). However, science does
not always need to be practical. The very first page of chapter 1 of the NRC Framework
states, "Understanding science and the extraordinary insights it has produced can be
meaningful and relevant on a personal level, opening new worlds to explore and offering
lifelong opportunities for enriching people’s lives" (National Research Council 2012, 7). This
human dimension of science is codified in the science and engineering practices of the
CA NGSS, which identify asking questions [SEP-1] and curiosity as a fundamental part
of doing science. For this reason, IS7 and IS8 focus in on big picture questions about our
origins and place in the universe (ESS1.A). To transition into these instructional segments,
teachers might want to emphasize the different purpose of the science in the previous
instructional segments from these final instructional segments.

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 7:
STAR STUFF
Guiding Questions
• How do we know what are stars made out of?
• What fuels our Sun? Will it ever run out of that fuel?
• Do other stars work the same way as our Sun?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS1-1. Develop a model based on evidence to illustrate the life span of the sun and the
role of nuclear fusion in the sun’s core to release energy in the form of radiation. [Clarification
Statement: Emphasis is on the energy transfer mechanisms that allow energy from nuclear
fusion in the sun’s core to reach Earth. Examples of evidence for the model include observations
of the masses and lifetimes of other stars, as well as the ways that the sun’s radiation varies
due to sudden solar flares (“space weather”), the 11-year sunspot cycle, and non-cyclic
variations over centuries.] [Assessment Boundary: Assessment does not include details of the
atomic and sub-atomic processes involved with the sun’s nuclear fusion.]
HS-ESS1-3. Communicate scientific ideas about the way stars, over their life cycle, produce
elements. [Clarification Statement: Emphasis is on the way nucleosynthesis, and therefore the
different elements created, varies as a function of the mass of a star and the stage of its lifetime.]
[Assessment Boundary: Details of the many different nucleosynthesis pathways for stars of differing
masses are not assessed.]
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 7:
STAR STUFF
HS-ESS1-6. Apply scientific reasoning and evidence from ancient Earth materials, meteorites, and
other planetary surfaces to construct an account of Earth’s formation and early history. [Clarification
Statement: Emphasis is on using available evidence within the solar system to reconstruct the
early history of Earth, which formed along with the rest of the solar system 4.6 billion years ago.
Examples of evidence include the absolute ages of ancient materials (obtained by radiometric
dating of meteorites, Moon rocks, and Earth’s oldest minerals), the sizes and compositions of solar
system objects, and the impact cratering record of planetary surfaces.] (Repeated in IS8)
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted Disciplinary
Core Ideas

Highlighted Crosscutting
Concepts

[SEP-2] Developing and Using
Models

ESS1.A: The Universe and
Its Stars

[CCC-1] Patterns

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ESS1.C: The History of
Planet Earth

[SEP-8] Obtaining, Evaluating,
and Communicating
Information

PS1.C: Nuclear Processes
PS3.D: Energy in Chemical
Processes and Everyday Life

[CCC-2] Cause and Effect:
Mechanism and Explanation
[CCC-3] Scale, Proportion,
and Quantity
[CCC-5] Energy and
Matter: Flows, Cycles, and
Conservation
[CCC-7] Stability and Change

Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from,
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: N-Q.1–3; A-SSE.1a–b; A-CED.2, 4; F-IF.5; S-ID.6.a–c; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: SL.11–12.4; RST.11–12.1, 2, 7, 8, 9;
WHST.9–12.1a–e, 2a–e, 7
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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The title of IS7 derives from a quote by Carl Sagan: “Some part of our being knows this
is where we came from. We long to return. And we can. Because the cosmos is also within
us. We're made of star-stuff.” This rather philosophical statement may resonate well with
students, as distant objects in the universe are made familiar to them and they become able
to understand that the universe can indeed be explored and studied.

The Colors of Stars
Looking carefully, students notice different stars have slightly different colors—those
differences reveal a huge amount about what stars are and the way they work. When
viewing the rainbow of light from our Sun through a prism, some colors appear brighter
than others (figure 8.67). What causes these variations? Are they the result of errors in
the equipment, something peculiar about our Sun, or a common feature of stars? Like all
good science, this general observation with the naked eye can be refined with detailed
measurement of specific quantities [CCC-3] such as the intensity of light at each
wavelength (a color spectrum). Students can obtain [SEP-8] color spectra from many
different stars using an online tool (such as the Sloan Digital Sky Survey/Sky Server, What
is Color at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link87) and compare them [SEP-4] ,
noting several important patterns [CCC-1] . These patterns give clues about the cause
[CCC-2] of different phenomena.

Spectral
Irradiance
(W/m2/nm)

Figure 8.67. Color Spectrum of Our Sun
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Color spectrum of our Sun. The rainbow image and the height of the graph depict the same
information. The rainbow image is created by splitting the light from a telescope with a prism. The
values of the graph are measurements of the relative intensity of each color. The graph dips lower
where the rainbow image is dimmer. Graph by M. d’Alessio

Students notice that many stars have bands of low intensity at exactly the same
wavelength (fig. 8.68). Understanding this observation requires additional background
in physical science. The NRC Framework lays out strong connections between the DCIs
in this instructional segment and physical science: “The history of the universe, and of
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the structures [CCC-6] and objects within it, can be deciphered using observations of their
present condition together with knowledge of physics and chemistry” (National Research
Council 2012, 173).
Figure 8.68. Spectra of Six Different Stars
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Circles indicate spectral lines from different elements on the periodic table. Graph by M. d’Alessio with
data from Sloan Digital Sky Survey/SkyServer n.d.a

The concept of absorption lines in spectra from stars unites the study of matter and the
study of waves. Students must build upon their understanding of matter too small to see
(5-PS1-1) by developing a model of the internal structure of atoms (HS-PS1-8). They must
understand that atoms are made of nuclei of protons and neutrons and that the number
of protons and neutrons helps determine the physical properties of the diverse materials
that make up the universe, and that atoms have electrons that can move closer or farther
away from the nucleus. If students take this ESS course before the physics or chemistry
course, teachers must develop that model here since it is not included in the performance
expectations for the middle grades. Understanding the evidence [SEP-7] about light
spectra requires building on the idea that light is part of the broader electromagnetic
spectrum (PS4.B: HS-PS4-1 in the high school physics course). The dark bands common
in star spectra occur because atoms of different elements absorb specific colors of light.
Students have studied energy [CCC-5] conversion as early as fourth grade and throughout
the grade spans (PS3.B: 4-PS3-4, MS-PS3-3, 4, 5, HS-PS3-3), and now they must consider
a very sophisticated example of individual atoms working as tiny energy conversion devices.
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Atoms absorb some of the light energy (or other energy from the electromagnetic spectrum)
that hits them, which pushes electrons to higher energy levels than their normal “ground
state” and temporarily stores the energy as a potential energy. The atom quickly converts
the energy back to light energy to return to its ground state, but that energy may be
emitted in a completely different direction than the original energy or may be at a different
wavelength. Each element on the periodic table has a unique configuration of electron
orbitals, so different elements absorb light energy at very specific colors (wavelengths).
Students can therefore use the absorption bands as fingerprints to identify the types and
relative quantity of elements in a given star. Figure 8.68 shows that common star spectra
include fingerprints of a number of elements, and more detailed analysis allows scientists
to determine the full range of elements and even their relative abundance to construct the
complete chemical composition of a star’s atmosphere. For students to be able to explain
[SEP-6] this multi-step process, the class could act out the process using their bodies to

represent different components of the system [CCC-4] in a physical model [SEP-2 . Using
the language of systems [CCC-4] helps focus student attention on the energy inputs
(light), the internal workings of the system (electrons in different energy-level orbitals), and
the energy outputs (light emitted in a different direction or at a different frequency than the
energy input) (figure 8.69).
Figure 8.69. A Model of Absorption Lines
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Absorption spectra occur because individual atoms can temporarily convert light energy into potential
energy. Diagram by M. d’Alessio with images from Wereon 2006 and NASA 2010

The absorption of specific wavelengths of electromagnetic waves occurs in stars, but
also all around on Earth, including in greenhouse gases in Earth’s atmosphere. Materials like
CO2 and water vapor absorb infrared energy leaving the planet and re-emit it back toward
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Earth so that energy that would otherwise have left the system is retained. This process is
fundamental to Earth’s energy [CCC-5] balance as discussed in the high school Chemistry
in the Earth System course (HS-ESS2-4).

Evidence for Fusion
For ages, scientists have pondered what has caused the Sun to shine. In 1854 William
Thomson (who later became so well known as a scientist that he was knighted and now
is known as Lord Kelvin) published a paper calculating that the Sun would run out of fuel
completely in just 8,000 years if it were made entirely of gunpowder, which was the most
energy-dense self-contained fuel he could think of at the time (Kelvin 1854). Even in the
1850s, geologists had evidence that the Earth is considerably older than that, so controversy
ensued over what causes the Sun to shine.
Lord Kelvin correctly determined that no chemical reaction would yield enough energy
to power the Sun, but he incorrectly concluded that the Sun must be getting a constant
replenishment of energy from meteors that collide with it. He died in 1907, more than a
decade before scientists discovered a process that could release previously inconceivable
amounts of energy, nuclear fusion (IS4). Under most conditions, when two atoms collide
they bounce off one another because of the repulsive forces between their nuclei. If the
atoms are moving fast enough, their nuclei may get close enough together so that when
they collide, they fuse, releasing more than a million times more energy per unit of mass
than any chemical reaction.
Students can repeat Lord Kelvin’s calculation [SEP-5] about how long the Sun can last
if it continues to emit energy at its current rate, but this time using information he did not
have about the composition of the Sun from spectral lines (not gunpowder, but 75 percent
hydrogen) and the energy release of hydrogen fusion (instead of chemical reactions). This
approximate calculation of the scale [CCC-3] of energy release shows that the Sun’s lifetime
will be on the order of several billion years. Students can support or refute the claim [SEP-7]
that this result is reasonable using evidence of the age of the Earth from IS4.

A Model of Fusion in Stars Over Their Lifecycle
For fusion to occur, atoms must reach a high enough temperature that they move quickly
enough to fuse together, typically millions of degrees. Such temperatures do not occur
naturally anywhere on Earth—they only happen in the interiors of stars where temperatures
and pressures are so high due to gravity and the kinetic energy of in-falling matter. But even
at the center of a star, conditions can change [CCC-7] that cause fusion to start and stop.
As a result, we say that stars are born and die.
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Stellar Birth and Activating Fusion
A star begins its life as a cold cloud of dust and gas. Gravity attracts the individual dust and
gas particles and they fall towards one another, decreasing the gravitational potential energy
[CCC-5] of the system [CCC-4] . Since energy must be conserved in the system, the particles

gain kinetic energy (much like a ball falling downward speeds up as it gets lower). The
temperature of an object is a measure of the average kinetic energy of its molecules, so we say
that the star warms as it contracts. At some point, the particles may be moving fast enough
that they undergo nuclear fusion when they collide. Within the same cloud of dust and gas,
many objects can form simultaneously. Objects that accumulate enough mass to start fusion
are called stars. Planets are made of the exact same material as stars and accumulate by the
exact same gravitational processes, but their mass is not sufficient to begin fusion.

Mid-life as a Star: A Balance
Once fusion begins, the energy [CCC-5] it releases causes particles to push one
another apart and the star begins to expand again. This is the opposite situation as the
original star formation and involves an increase in gravitational potential energy that must
be balanced by the particles slowing down (much like a ball thrown upward slows down as
it gets higher). At slower speeds, fusion is less likely to occur and the star stops expanding.
This counterbalancing feedback between the explosive force of fusion and the attraction
due to gravity keeps stars stable [CCC-7] during most of their lifespan. This stable period
of a star’s life is referred to as the main sequence and it means that hydrogen is fusing
in the star’s core (figure 8.70). This stable period of a star’s life is referred to as the main
sequence and it means that hydrogen is fusing in the star’s core.
Figure 8.70. Counterbalancing Feedback in Stars

The explosive force of fusion balances the attractive force of gravity keeping stars stable [CCC-7]
during most of their lives. Diagram by M. d’Alessio
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Growing Older
Even the core of a young star is not typically hot enough to fuse anything except
hydrogen. Larger stars burn it more quickly because they are hotter, and all stars eventually
fuse all the hydrogen in their core to form helium. At that time, fusion stops, marking the
end of the period called the main sequence. Without fusion pushing the star outward, the
counterbalancing feedback shown in figure 8.70 becomes unbalanced, and then gravity acts
alone to contract the star.
Contraction causes temperature increases in both the core and the surrounding
envelope. If the star has enough mass, it may heat enough for helium atoms to begin fusing
together. If that helium gets used up, the same processes will create, in sequence, large
elements up to the size of iron. Only stars that start off their lives with a large enough mass
are able to generate elements larger than helium during their lifetimes. Contraction of the
star’s envelope triggers hydrogen to begin fusing there. The outer envelope (surrounding
gaseous material) is less dense, so gravity does not act as effectively to hold the star
together and fusion in the envelope causes the star to expand to a massive size, which is
why some stars are called giants and supergiants.
Our Sun is currently in its main sequence, so it has not yet become a giant and still only
fuses hydrogen in its core. So how does it get all the more massive elements than helium
that show up in its spectra? Where did they come from?

The End of Stars
Once hydrogen fusion stops in the Sun’s core, hydrogen fusion in its envelope will cause
it to grow to be a giant star. Eventually its envelope will expand, leaving behind a core made
primarily of carbon and oxygen. That core will still be incredibly hot and it will continue to
glow for a long time even without fusion. Some of the stars we see in the night sky are
actually the hot, dying cores of stars that have finished fusion.
Larger stars continue fusing atoms until they end up with only iron in their cores and
spontaneous fusion stops. The core is already very dense and gravity can cause the
entire core to collapse within a few seconds. This rapid core collapse leads to such high
temperatures and pressures that there is finally enough extra energy [CCC-5] to fuse
elements larger than iron. Practically all of the atoms in the universe heavier than iron
formed during the cataclysmic collapse of these large stars. The collapsing core rebounds in
a dramatic explosion called a supernova, ejecting all of its material out into space where it
can eventually coalesce into new stars. The carbon in our bodies came from carbon made
in a star that exploded and was ejected into a region of space where our solar system was
born. As Carl Sagan once said, “We are made of star stuff.”
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Students combine their model of fusion (HS-PS1-8) with the counterbalancing feedback
in figure 8.70 to construct a model [SEP-2] of how fusion relates to a star’s lifecycle
(HS-ESS1-1). They apply this model to a product that communicates how material got from
the random hydrogen atoms inside a young star to the complex range of elements inside
their own bodies (HS-ESS1-3). They create a diagram, storyboard, movie, or other product
that illustrates this step-by-step sequence. At each stage of their diagram, they should be
able to answer the question, “What is the evidence that this particular stage happens?”

Earth and Space Science Snapshot 8.10:
Asking Questions About Patterns in Stars
Investigative phenomenon: Bright stars can be located near or far from Earth,
but they are typically hotter.

Students reviewed a table of a number of properties of the 100 nearest
stars and the 100 brightest stars using a spreadsheet (figure 8.71). They
constructed graphs of different properties looking for patterns [CCC-1]
in the data. They found that many of the factors were uncorrelated. For
example, they probably noticed that bright stars are located both near and far from Earth,
but they should have seen a definite pattern between brightness and temperature—hotter
stars are brighter and colder stars are dimmer. They may have begun with a linear scale
[CCC-3] , but with such a large range in the brightness of stars (less than 1 percent as
bright up to 100 times brighter than the Sun), they discovered the need to adjust to a
logarithmic scale [CCC-3] .
Figure 8.71: How Does Star Brightness Depend on Temperature?
Hertzsprung–Russell Diagram
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Earth and Space Science Snapshot 8.10:
Asking Questions About Patterns in Stars
Anaya: Not all the bright stars are hot, though. Are those outliers?
Cole: And not all the dim stars are cold.
Ms. M: Why do you think that is? Should we graph more data?
or an Maybe those dim ones are farther away.
Diego: I don’t think so. We graphed distance versus brightness and there wasn’t

any trend. But I’ll look specifically at the data for those stars to make sure.
or an Well maybe they’re smaller then. If they’re small, maybe they wouldn’t be

very bright even if they were hot.
Anaya: And maybe those cold ones would be bright if they were really big.

Students asked questions [SEP-1] that led them to further investigation. The
example student dialog is idealized, but effective talk moves can help structure
conversations so that students move towards this ideal (as outlined in the “Instructional
Strategies” chapter of this framework).
This pattern [CCC-1] in the data was discovered by Ejnar Hertzsprung and Henry
Russell around 1910 and is commonly referred to as a Hertzsprung-Russell (H-R) Diagram.
It appears in several different forms including color (spectral type) instead of temperature.
Like the coals in a fire, cooler stars are red and hotter stars are orange, yellow, or even
blue. (Several online simulations are available to allow students to explore this relationship
between temperature and color.) Students can add this relationship to their model of the
Sun’s energy [CCC-5] emissions (HS-ESS1-1) because it helps explain the overall broad
range of colors emitted by the Sun in figure 7.62. It relates to the star’s lifecycle because
most of the stars plot along the central diagonal line in the H-R diagram, which is referred
to as the main sequence. As each star moves through its life cycle and stops fusing
elements in its core, it plots in a different section of the H-R diagram than it did during its
main sequence.

Getting Energy to Earth
As early as grade five in the CA NGSS, students generated a model showing that most
of the energy that we see on Earth originated in the Sun (5-PS3-1). Now students will
expand their system model [SEP-2] to trace the flow of energy [CCC-5] back to fusion
in the Sun’s hot core (HS-ESS1-1). Students will need to use models of heat transfer within
a system such as radiation and convection from physical science (HS-PS3-4). They develop
a model of convection at Earth’s surface in the middle grades (MS-ESS2-6) and in Earth’s
interior in the high school Chemistry in the Earth System course. Now they can apply that
model to the interior of the Sun. Convection occurs in a large section of the Sun’s outer
envelope, moving heat from the interior out to the visible surface (figure 8.72). Students
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can directly observe evidence of this convection in high-resolution optical images of the
Sun’s surface that resemble a bubbling cauldron. This convection plays a role in the eruption
of solar flares and other variations in solar intensity, which have been recorded for centuries
(NASA 2003b). Some of these variations are periodic (the Sun’s magnetic field flips about
every 11 years, causing changes [CCC-7] in the amount of radiation of about 0.1 percent)
while slightly larger variations are less well understood but can make a big difference in
Earth’s climate over much longer timescales [CCC-3] (from decades to millions of years).
The existence of these variations is further evidence for convection, which constantly
bubbles up new high-temperature material that emits more energy [CCC-5] than the
cooler and denser material that sinks down. Even though no fusion occurs on the visible
surface, it still shines via a process known as thermal radiation (or black body radiation).
Most of this radiation travels directly towards earth, but a small fraction of it is absorbed,
creating the absorption spectra of figure 8.69.
Figure 8.72. Energy Transfer from the Sun to Earth
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Energy transfer by radiation and convection moves energy from the Sun’s core to Earth. There are a
number of steps along the way. Diagram by M. d’Alessio
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Opportunities for ELA/ELD Connections
Students select, read, and report out on biographies about or autobiographies/memoirs
by famous or influential scientists known for their work about the stars, Sun, planets,
or universe. (Note: The teacher may provide a list of names to select from to ensure
certain concepts are highlighted.) The report should include the critical concept,
knowledge, or discovery by the scientist; identify relevant or key symbols, key terms,
or other words/phrases relevant to the topic; and incorporate a visual presentation.
A checklist may help students keep track of all the features the teacher expects in the
reports.
CA CCSS for ELA/Literacy Standards: RST.9–12.2, 4, 8; SL. 9–12.4, 5
CA ELD Standards: ELD.PI. 9–12.6, 10
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Earth and Space Sciences Instructional Segment 8:
Motion in the Universe
According to the NGSS storyline:
High school students can examine the processes governing the formation,
evolution, and workings of the solar system and universe. Some concepts studied
are fundamental to science, such as understanding how the matter of our world
formed during the Big Bang and within the cores of stars. Others concepts
are practical, such as understanding how short-term changes [CCC-7] in the
behavior of our [S]un directly affect humans. Engineering and technology play a
large role here in obtaining and analyzing the data that support the theories of
the formation of the solar system and universe. (NGSS Lead States 2013c)

EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 8:
MOTION IN THE UNIVERSE
Guiding Questions
• What are the predictable patterns of movement in our solar system and beyond?
• What can those motions tell us about the origin of the universe and our planet?
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS1-2. Construct an explanation of the Big Bang theory based on astronomical evidence
of light spectra, motion of distant galaxies, and composition of matter in the universe.
[Clarification Statement: Emphasis is on the astronomical evidence of the red shift of light
from galaxies as an indication that the universe is currently expanding, the cosmic microwave
background as the remnant radiation from the Big Bang, and the observed composition of
ordinary matter of the universe, primarily found in stars and interstellar gases (from the spectra
of electromagnetic radiation from stars), which matches that predicted by the Big Bang theory
(3/4 hydrogen and 1/4 helium).]
HS-ESS1-4. Use mathematical or computational representations to predict the motion of orbiting
objects in the solar system. [Clarification Statement: Emphasis is on Newtonian gravitational laws
governing orbital motions, which apply to human-made satellites as well as planets and moons.]
[Assessment Boundary: Mathematical representations for the gravitational attraction of bodies and
Kepler’s Laws of orbital motions should not deal with more than two bodies, nor involve calculus.]
HS-ESS1-6. Apply scientific reasoning and evidence from ancient Earth materials, meteorites, and
other planetary surfaces to construct an account of Earth’s formation and early history. [Clarification
Statement: Emphasis is on using available evidence within the solar system to reconstruct the
early history of Earth, which formed along with the rest of the solar system 4.6 billion years ago.
Examples of evidence include the absolute ages of ancient materials (obtained by radiometric
dating of meteorites, Moon rocks, and Earth’s oldest minerals), the sizes and compositions of solar
system objects, and the impact cratering record of planetary surfaces.] (Revisited from IS 7)
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EARTH AND SPACE SCIENCES INSTRUCTIONAL SEGMENT 8:
MOTION IN THE UNIVERSE
The bundle of performance expectations above focuses on the following elements from the
NRC document A Framework for K–12 Science Education:
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted Crosscutting
Concepts

[SEP-5] Using Mathematics
and Computational Thinking

ESS1.A: The Universe and
Its Stars

[CCC-3] Scale, Proportion, and
Quantity

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions
(for engineering)

ESS1.B: Earth and the
Solar System

[CCC-5] Energy and Matter:
Flows, Cycles, and Conservation

ESS1.C: The History of
Planet Earth

[CCC-6] Structure and Function

PS4.B: Electromagnetic
Radiation

Connections to Engineering,
Technology, and Applications of
Science

[CCC-7] Stability and Change

Interdependence of Science,
Engineering, and Technology
Connections to Nature of Science
Scientific Knowledge Assumes an
Order and Consistency in Natural
Systems
Highlighted California Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from,
and can alter.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: A-SSE.1a–b; A-CED.2, 4; F-IF.5; S-ID.6.a–c; N-Q.1–3; MP.2, MP.4
CA CCSS for ELA/Literacy Connections: RST.11–12.1, 2, 7, 9; WHST.9–12.2a–e, 7
CA ELD Connections: ELD.PI.11–12.1, 5, 6a–b, 9, 10, 11a
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In earlier grades, students observed and described patterns [CCC-1] of motion in the
sky (1-ESS1-1, 5-ESS1-2). In this instructional segment, students will explore motion at a
range of scales [CCC-3] that help explain [SEP-6] where Earth’s materials came from,
how they came together, and how they have been modified since then.
Students analyze [SEP-4] spectra of stars beyond the Sun by comparing them to a
set of known spectral lines of different elements determined in a laboratory. To match
the laboratory lines, they find that they need to shift the star spectra. Understanding the
significance of this observation requires understanding of the Doppler effect, a process that
builds on students’ existing models of waves but is not required to meet other CA NGSS
performance expectations. When stars move toward or away from a viewer, the wavelength
of their light shifts. We can therefore use the Doppler shifts to map out the movements of
stars toward or away from us. For example, we find that galaxies rotate, so even if overall
the galaxy is moving away from us, stars on one side of it may have a smaller Doppler
shift than stars on the other side. When students examine different stars in different parts
of the sky, they will make the discovery that almost all galaxies are shifted toward longer
wavelengths, revealing that the stars are all moving away from us. This effect is referred to
as a redshift because all the other colors of visible light are shifted towards red, the longest
wavelength of visible light, when their wavelength is lengthened.
Students are now ready to obtain information [SEP-8] from media about Edwin
Hubble’s surprising discovery that the universe is expanding (Sloan Digital Sky Survey/
Sky Server n.d.b.; Kirshner 2004). At the time, scientists wondered if our universe has
always looked the way it does today. Einstein assumed a static [CCC-7] , “ungrowing”
universe in his equations of relativity, but others like Willem de Sitter showed that an
expanding universe was also theoretically possible. Meanwhile, observational astronomers
like Henrietta Leavitt developed techniques that allowed accurate distance measurements of
objects in the universe, and Vesto Slipher cataloged the redshifts of entire galaxies. Hubble
entered the debate by combining these techniques and noticing a pattern [CCC-1] in the
redshifts: the farther away a galaxy is from Earth, the faster it moves away from us. Some
of the most distant galaxies have such an extreme redshift that they appear to be receding
from us at a speed faster than the speed of light when we calculate their velocity using
Doppler shift alone. If they were moving that fast, their light would never reach us and we
wouldn’t be able to see them. Hubble proposed a bold model [SEP-2] that could explain
[SEP-6] this pattern in which galaxies are not really moving in space, but rather the space

between the galaxies is getting bigger (much like a lump of dough expanding and moving
mixed-in raisins farther apart from one another). The redshifts must be the combined effect
of Doppler shift and the wavelengths getting stretched by the stretching of space itself.
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Students can perform their own investigation [SEP-3] of redshifts using simulated
telescope data from online laboratory exercises. Two older examples include Project CLEA
at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link88 or University of Washington Astronomy
Department at http://www.cde.ca.gov/ci/sc/cf/ch7.asp#link89. This investigation requires
an understanding of how distances are measured in the universe, which builds on
the argument [SEP-7] students constructed in fifth grade that the apparent brightness
of stars in the sky depends on their distance from Earth (5-ESS1-1). Students can work
independently or in small groups to obtain information [SEP-8] about one of the methods
for determining distance in the universe and then combine their findings with other
students’ findings to develop a report, a poster, or a presentation that describes the scale
[CCC-3] of the universe and how it is measured.

Students now have evidence [SEP-7] that the universe is expanding, so teachers can
invite them to ask questions [SEP-1] such as “What is causing this expansion?” and “What
would the universe look like if we could ‘rewind’ this expansion to look back in time?” The
inevitable answer is that everything that we can see as far as we can look out into the
universe was at one time all contained in a tiny region smaller than the size of an atomic
nucleus. This region was extremely hot and dense at this time until everything started
rapidly to spread apart in what we call the Big Bang. We can see evidence of this expansion
in the matter and energy [CCC-5] that exists in the universe today. As the material spread
apart, it started to cool enough for atomic nuclei to form, but calculations by scientists
show that only specific elements would form and in specific proportions. We can look for
that “fingerprint” by using spectral lines and other techniques to determine the relative
abundance of different elements in stars like our Sun (graph in the top right in figure
8.73). While the Sun’s relatively small proportion of heavier elements was formed in distant
supernovas, its overall composition is similar to most other stars and matches the fingerprint
predicted by the Big Bang with roughly three-quarters hydrogen and one-quarter helium.
In 1963, a group of scientists detected another piece of evidence of the Big Bang when
they observed a constant stream of microwave radiation coming toward Earth in every
direction. They were worried something was wrong with their equipment, but it became
apparent that the signal they were detecting was also consistent with models [SEP-2] of a
hot early universe that emitted radiation, which should still be traveling toward Earth today.
We now call that energy [CCC-5] the Cosmic Microwave Background Radiation and can
use it to describe what the universe looked like shortly after the initial Big Bang (image on
the bottom in figure 8.73). Like so many scientific discoveries, engineering and technology
have had a profound impact on scientists’ ability to make measurements. Cosmic Microwave
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Background Radiation was not measurable in the days of Hubble because the technology did
not exist to observe it. Students should be able to explain [SEP-6] each of these pieces of
evidence.
Figure 8.73. Evidence for the Big Bang
Spectral Observations: Redshift v. Distance
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Evidence of the Big Bang comes from the redshift versus distance of stellar spectra (top left), the
relative abundance of elements in the Sun determined from absorption spectra (top right), and the
Cosmic Microwave Background Radiation that reveals minute differences in temperature in the early
universe (bottom). Sources: M. d’Alessio with data from Jha, Riess, and Kirshner 2007; M. d’Alessio
with data from Lodders 2003; NASA 2008
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Predicting Motions
In IS7, students develop a model for the birth of the Sun from a cloud of dust and gas.
That model also predicts that planets and other bodies in the solar system all formed the
same way from the same initial materials. The force of gravity causing particles to coalesce
into larger and larger objects is at the heart of this model. This nebular theory provides a
framework used to explain many major features in the solar system, such as the compositional
difference between the rocky inner planets, the gaseous outer planets, and the asteroid belt
where planetesimals and smaller bodies continue to circulate today. A consequence of the
gravity-driven motion in the early solar system is that random variations cause [CCC-2] all
of the bodies in a region to start rotating the same direction as they accumulate more mass.
Motion in our solar system shows evidence [SEP-7] for this effect, as most objects rotate
and revolve in a common direction, rather than randomly. Observations of those consistent
motions, including the period of each planet’s orbit, can be the driving observation behind the
discussion of the use of Kepler’s laws to predict those motions (HS-ESS1-4).

Science and Engineering Practices and the History of Gravity
Although scientists have studied gravity and electromagnetism intensely for centuries,
many mysteries remain concerning the nature of these forces. The CA NGSS learning
progression mirrors the historical development of our understanding of gravity and orbital
motion. In 1576 Danish scientist Tycho Brahe set up the world’s most sophisticated
astronomical observatory of its time. He methodically investigated [SEP-3] and recorded
the motion of celestial objects across the sky. Just before he died, Brahe took on Johannes
Kepler as a student who analyzed the data [SEP-4] to develop a simple descriptive model
[SEP-2] . Even though his model did a superb job of predicting the motion of objects in

the sky, it was incomplete because it could not explain the fundamental forces driving the
motions. In late 1600s Isaac Newton extended Kepler’s model by describing the nature of
gravitational forces. From his fundamental equations of gravity, Newton was able to derive
Kepler’s geometric laws and match the observations of Brahe. Newton is known not only for
his innovative thinking, but for his ability to communicate [SEP-8] clearly; many twenty-first
century physics classes still read his book Principia Mathematica to learn about his ideas. In
the CA NGSS, elementary students mirror the work of Brahe, recognizing patterns [CCC1] in the sky (1-ESS1-1, 5-ESS1-2). At the middle grades level, students mirror the work of

Kepler by making simple models [SEP-2] that describe how galaxies and the solar system
are shaped (MS-ESS1-2). In high school, students add mathematical thinking [SEP-5] to
their descriptive model (using Kepler’s laws, HS-ESS1-4) and then finally extend their model to
a full explanation with the equations of the force of gravity from Newton’s model (HS-PS2-4).
Even though students quantitatively describe the force of gravity in physical science
2016 California Science Framework
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(HS-PS2-4), deriving Kepler’s Laws for elliptical orbits directly from the gravitational force is
beyond the mathematical scope of many students. Instead, focus should be on interpreting
the evidence [SEP-7] of the orbital period of different bodies in our solar system,
including planets and comets. These laws form an excellent illustration of the crosscutting
concept of scale, proportion, and quantity [CCC-3] . By comparing the distance of objects
away from the Sun and the time it takes them to complete one orbit, students recognize
a pattern [CCC-1] . Table 8.10 shows that the ratio determined by Kepler (orbital period
squared divided by orbital distance cubed) is nearly constant for objects in our solar system.
Students can calculate this ratio for Earth and other planets and then make measurements
of the orbital path of comets to try to estimate how often they will return. The ratio is
only true for objects orbiting the same body (illustrated by the dramatically different ratio
for the Moon in table 8.10). But students can use measurements of the Moon to predict
the height of satellites in geosynchronous orbit, which have an orbital period of exactly
one day, allowing them to always be in the same position in the sky. Satellite television
receives signals from these satellites. Alternately, students can use the orbital period of the
International Space Station from its height above Earth. Students can also use the more
complete form of Kepler’s laws to calculate the mass of distant stars using only the orbital
period of newly discovered planets that orbit them.
Table 8.10. Orbital Period and Distance from the Sun of Objects in our Solar System
PLANET

PERIOD (yr)

AVERAGE
DISTANCE (AU)

KEPLER’S RATIO:
T 2/R 3 (yr 2/AU 3)

Mercury

0.241

0.39

0.98

Venus

0.615

0.72

1.01

Earth

1

1

1.00

Mars

1.88

1.52

1.01

Jupiter

11.8

5.2

0.99

Saturn

29.5

9.54

1.00

Uranus

84

19.18

1.00

Neptune

165

30.06

1.00

Pluto (dwarf planet)

248

39.44

1.00

Halley’s Comet

75.3

17.8

1.00

Comet Hale-Bopp

2,521

186

0.99

Moon (relative to Earth)*

0.0766

0.00257

345667*

*Kepler’s ratio only works for objects orbiting around the same body. Since the Moon orbits Earth,
its ratio should be much different.
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Engineering Connection:
Computational Models of Orbit
When a company spends millions of dollars to launch a communications satellite or
the government launches a new weather satellite, they employ computer models
of orbital motion to make sure these satellites will stay in orbit and the investment
is not lost. These models [SEP-2] are based on the exact equations introduced in
the CA NGSS high school courses. In fact, students can gain a deeper understanding
of the orbital relationships and develop computational thinking [SEP-5] skills by
interacting directly with computer models of simple two-body systems [CCC-4] . Even
with minimal computer programming background, students could learn to interpret
an existing computer program of a two-body gravitational system. They could start by
being challenged to identify an error in the implementation of the gravity equations in
sample code given to them. Next, students modify the code to correctly reflect the mass
of the Earth and a small artificial communications satellite orbiting around it. They can
vary different parameters in the code such as the distance from Earth or initial speed
and see how those parameters affect the path of the satellite (HS-ESS1-4). At what
initial launch speeds will the satellite stay in orbit? What is the tradeoff between the cost
of fuel and the payload mass?
(Note: Appendix 3 in this framework provides guidance about teaching computer coding
aligned with the CA NGSS.)

While Kepler’s laws present a simple view of orbital shapes and periods, the NRC
Framework pushes teachers to emphasize the importance of changes [CCC-7] in orbits, as
these changes [CCC-7] have large impacts on Earth’s internal systems [CCC-4] :
Orbits may change due to the gravitational effects from, or collisions with,
other objects in the solar system. Cyclical changes in the shape of Earth’s orbit
around the [S]un, together with changes in the orientation of the planet’s
axis of rotation, both occurring over tens to hundreds of thousands of years,
have altered the intensity and distribution of sunlight falling on Earth. These
phenomena cause cycles of ice ages and other gradual climate changes.
(National Research Council 2012, 176)
Using realistic computer simulations of Earth’s orbit (HS-ESS1-4), students can
investigate [SEP-3] the effects [CCC-2] collisions (such as the impact that led to the

creation of the Moon) or explore the variation in the Earth–Sun distance to look for evidence
[SEP-7] of cyclic patterns [CCC-1] . They would discover some cyclic patterns [CCC-1]

called Milankovitch cycles, which have a strong influence on Earth’s ice age cycles [CCC-5] .
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The CA NGSS pushes teachers to connect these ideas so that Earth’s place in the universe is
strongly integrated with our understanding of the complete Earth system.

Concept Map of Earth and Space Science Disciplinary Core Ideas
In meeting the performance expectations selected for this course, instructors must
introduce some DCIs as well as build on the DCIs introduced in the middle grades. Figure
8.74 shows a concept map with the relationships between DCIs introduced during the
middle grades and high school levels. This concept map is not a conceptual flow with a
specific order or sequence, nor is it a comprehensive illustration of all ideas that should
be taught in the courses. It may, however, be helpful in identifying how DCIs build from
middle grades to high school and relate to one another. This map is explicitly placed at the
end of the instructional segment so that readers view them with a full appreciation of how
these DCIs must be explored using the other two dimensions of the CA NGSS as outlined
in the course above. The concept map is limited only to DCIs, so even if students had a full
appreciation of what is in these maps they also need practice in doing SEPs and identifying
big picture relationships to other disciplines (CCCs).
Figure 8.74. Relationship of DCIs in Earth and Space Science, Including High School and
Middle Grades Content

Diagram by M. d’Alessio
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Introduction: Assessment as Science

A

ssessment is like science, and three-dimensional science learning
should be assessed by applying the same three dimensions used
in the learning itself. To assess our students, we plan and conduct

investigations about student learning and then analyze and interpret data
to develop models of what students are thinking. These models allow us
to predict the effect of additional teaching by addressing the patterns we
notice in student understanding and misunderstanding. Assessment allows
us to improve our teaching practice over time, spiraling upward. Because of
this strong link between assessment and instruction, this chapter is targeted
to teachers and focuses on classroom assessment. It does not provide
recommendations for district or state testing.

Purpose of Assessment
Assessment has two fundamental purposes: formative and summative.
The key difference between these two purposes is how the information
provided by the assessments is used. Formative assessment is used to guide
and advance learning (usually while instruction is under way). Summative
assessment is used to obtain evidence of what students have learned, often
for use beyond the classroom (National Research Council [NRC] 2014). For
example, assessment for summative purposes helps determine whether
students have attained a certain level of competency or proficiency after
a more or less extended period of teaching and learning, typically after
several weeks, at the end of a semester, or annually (American Educational
Research Association et al. 2014). Inferences made from the results of these
assessments can be used for accountability purposes; for making decisions
about student placement, certification, curriculum, and programs; and for
assigning grades. By contrast, formative assessment provides information
about student learning day by day and week by week to guide next steps
in teaching and learning and to secure progress toward short-term goals.
It is this form of assessment that is tied to immediate learning goals and
may involve both formal tasks as well as activities conducted as part of a
lesson, such as classroom dialogue and observation. Often in formative
2016 California Science Framework
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assessment, instructional activities and assessment activities may be intertwined or even
indistinguishable. For example, evidence of learning may be obtained from a classroom
discussion or a group activity in which students explore and respond to each other’s ideas
and learn as they go through this process (NRC 2014). Formative assessment should both
assist students in guiding their own learning by evaluating and revising their own thinking or
work and also foster students’ sense of autonomy and responsibility for their own learning
(Andrade and Cizek 2010).
An important rule of thumb in educational assessment is that “one size does not fit
all.” In other words, assessment that serves one purpose may not appropriately serve
another. As Hamilton and Stecher (2002) note, “Requiring tests to serve multiple purposes
sometimes results in the reduction of utility of the test for any one of these purposes”
(Hamilton and Stecher 2002, 135). The purpose for which learners are being assessed
should determine the choice of assessment instruments and their use.

Assessment Cycles
One way to think about assessment for different purposes is to conceptualize assessment
as operating in different time frames or cycles: long, medium, and short (Wiliam 2006).
Each cycle provides information at varying levels of detail, and inferences drawn from the
assessment results are used to address specific questions about student learning and inform
a range of decisions and actions.
Long Cycle: Annual assessments, for example, are long-cycle assessments. They cover a

year’s worth of learning and, by their nature, provide a large grain size of information about
student achievement relative to the standards.
Results from these assessments can help teachers answer questions uch as the following:
•

What have my students learned? Have they met the standards assessed?

•

What are the overall strengths and weaknesses in my students’ learning?

•

What are the strengths and weaknesses in individual and group learning?

•

What are the strengths and weaknesses in my curriculum and instruction?

•

Have the improvement strategies I implemented worked?

Medium Cycle: Interim/benchmark assessments are medium cycle and address

intermediate goals on the way to meeting end-of-year, or end-of-course goals. Typically
administered quarterly or every six weeks, they cover a shorter period of instruction than
long-cycle assessments and, consequently, provide more detail about student learning,
although not enough to guide day-to-day teaching and learning. Results from interim
assessments provide periodic snapshots of student learning throughout the year. These
1306
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snapshots help teachers monitor how student learning is progressing and determine who
is on track to meet the standards and who is not. Medium-cycle assessments can help
teachers address these questions:
•

What have my students learned so far?

•

Who has and who has not met intermediate goals?

•

Who is and who is not on track to meet end-of-year or end-of-course goals?

•

What are the strengths and weaknesses in individual/group learning?

•

Who are the students most in need? What do they need?

•

What are the strengths and weaknesses in curriculum and instruction?

•

What improvements do I need to make in my teaching?

Assessments that teachers develop, or that are included in the curricular materials and
are administered at the end of a unit of study, are also medium cycle. These can serve a
summative purpose to evaluate student achievement with respect to the goals of the unit.
If such assessments are given to students before the end of the unit when there is still time
to take some instructional action before moving on to the next unit, then they can serve a
formative purpose. These assessments can help teachers answer the following questions:
•

Have my students met the goals of the unit?

•

Are there some students who need additional help to meet the goals of the unit?

•

What help do they need?

•

What improvements do I need to make in my teaching next time I teach this unit?

Short Cycle: This cycle of assessment occurs when evidence of learning is gathered

day by day from a variety of sources during ongoing instruction for the purpose of moving
learning forward to meet short-term goals (i.e., lesson goals). Short-cycle assessment
provides the most detailed information for teachers to adjust their instruction or plan
subsequent instruction, and for students to reflect on their learning and adjust their learning
tactics as needed. Short-cycle assessment should help teachers answer these questions:
•

Where are my students in relation to learning goals for this lesson?

•

What is the gap1 between students’ current learning and the goal?

•

What false preconceptions are evident?

•

What individual difficulties are my students having?

1. The gap refers to the distance between where the students’ learning currently stands at particular points in the lesson (a
lesson can be several periods) and the intended learning goal for the lesson. The purpose of short-cycle formative assessment is
to close this gap so that all students meet the goal (cf. Sadler 1989).
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•

What are the next immediate steps in learning for my students?

•

What do I need to do to improve my teaching?

•

What feedback do I need to provide in order to help students move their learning
forward?

Teachers are not the only assessors in short-cycle formative assessment. Students also need
to be involved because ultimately it is the learner who has to take action to move learning
forward. Short-cycle assessment should help students answer the following questions:
•

Where is my learning now in relation to the learning goals for this lesson?

•

Am I on track to meet the learning goals?

•

What difficulties am I experiencing in my learning?

•

What can I do about these difficulties?

•

What are the strengths in my work? Where do I need to improve?

Figure 9.1 shows a coherent assessment system with assessments of different time
frames and of different grain sizes for different decision-making purposes. Importantly,
assessments within each time frame gather evidence of learning toward the same set of
goals so as to push teaching and learning in a common direction (Herman 2010).
Figure 9.1. A Coherent Assessment System

Minuteby-minute

Short cycle

Daily

Weekly

Unit

Quarterly

Medium cycle

Annually

Long cycle

Source: Adapted from Herman and Heritage 2007.

Plan for Statewide Science Assessments
Because the California Next Generation Science Standards (CA NGSS) are multifaceted,
California faces a great challenge to implement a statewide assessment system that is
comprehensive but not a burden on classroom time or other resources.
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As required by the US Department of Education, California students will take three
statewide CA NGSS assessments during their K–12 education (table 9.1). In California, the
California Department of Education (CDE) and State Board of Education (SBE) have made
the following decisions: Each test event will take less than 2.5 hours (including instructions)
and will be delivered entirely on a computer. The state test will include no hands-on
performance tasks but will include performance assessment items on at least two of the
three dimensions in the Next Generation Science Standards (NGSS) including the practices,
which can be completed on a computer.
Table 9.1. All Students Take Three Statewide CA NGSS Assessments
GRADE

MATERIAL COVERED

Five

K–5 PEs

Eight

All middle grades PEs (grades 6–8)

Once during
Ten, Eleven,
or Twelve

All high school PEs (all students tested on all domains: Life Science,
Physical Science, Earth & Space Science, Engineering, Technology &
Applications of Science)

California’s new NGSS-aligned state science assessment will, for the first time, include
science performance expectations (PEs) taken from all grades in a span, not just the grade
in which the test takes place. The SBE’s rationale for this design is to promote science
instruction across all grades, not just the grade in which the test is administered. The process
for developing the new state summative assessments will begin with a pilot, followed by a
census field test, and then operational administration currently scheduled for spring 2019.
In May 2016, the SBE took action to add student test scores from the state’s science
test, when available, to the state’s accountability reporting for possible assistance or
intervention, and to report them to the United States Department of Education. In California’s
new integrated accountability model, the SBE expects student test scores on science, once
available, to also be reported in district Local Control and Accountability Plans (LCAPs) under
Priority 4, Student Outcomes.
A complete description of California’s plan for a new and innovative, state-wide summative
assessment is available from the SBE (State Board of Education 2016), and a few details are
relevant for designing instruction, preparing complementary classroom assessments as part
of the overall assessment system, and interpreting the results of the assessments. Table 9.2
describes those key features and part of the rationale or motivation for each.
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Table 9.2. Key Features of the Statewide CA NGSS Assessments
TEST FEATURE

RATIONALE OR MOTIVATION

Test Features that May Influence Instruction and Curriculum Design
Tests cover the PEs of a grade span (K–5,
6–8, or 9–12) rather than a single grade
level or course.
•

•

•

Grade five assessment consists of grade
five PEs and matrix sampling of PEs
from kindergarten through grade four.
Grade eight assessment consists of
middle grades (grades six through eight)
PEs.
Grade ten, eleven, or twelve assessment
consists of high school PEs.

The CA NGSS progressively build up
understanding from grade to grade. Since
knowledge is cumulative, the test provides
incentives for schools to teach science every
year and provide all students equal access to all
standards.

Portions of the test will involve “doing
science” through innovative item types
or performance tasks presented on the
computer.

CA NGSS learning occurs when students engage
in science and engineering practices.

Every test item will assess the integration
of at least two dimensions at a time.

The CA NGSS are three dimensional.

Test Features that May Affect Interpretation of Test Results
Students will be assessed on different
PEs even when they take the test at the
same time in the same room.

Test designers use statistical sampling techniques
so that schools will be able to identify strengths
and weaknesses in their overall program without
having to increase testing time.

Two types of scores will be reported:
individual student scores and group
scores.

Each test includes PEs from multiple grades,
understanding of the science and engineering
practices (SEPs), and crosscutting concepts
(CCCs); these build progressively over many
grades, thus encouraging science instruction in
all grades. The addition of a group score allows
for the inclusion of a broader array of content
making it a more powerful tool for identifying
program strengths and weaknesses.

The remainder of this chapter focuses on how teachers and curriculum developers
can emphasize these same features in their everyday classroom assessment system of the
CA NGSS.
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Assessing Three-Dimensional Learning
Three dimensions of science learning are combined to form each standard: the core
ideas of the disciplines of life science, physical sciences, Earth and space sciences, and
engineering and technology; the practices through which scientists and engineers do their
work; and the key crosscutting concepts that link the science disciplines. Three-dimensional
science learning refers to the integration of these dimensions. According to the report,
Developing Assessment for the Next Generation Science Standards (NRC 2014) NGSSaligned assessments that address three-dimensional learning should be designed to:
1. examine students’ performance of science and engineering practices in the context of
disciplinary core ideas and crosscutting concepts;
2. accurately locate students along a sequence of progressively more complex
understanding of a core idea and successively more sophisticated applications of
practices and crosscutting concepts;
3. include an interpretive system for evaluating a range of student responses that are
specific enough to be useful for helping teachers understand the range of student
learning;
4. contain multiple components (e.g., a set of interrelated questions). It may be useful
to focus on individual practices, core ideas, or crosscutting concepts in the various
components of an assessment task, but, together, the components need to support
inferences about students’ three-dimensional science learning as described in a given
performance expectation.
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Measuring the three-dimensional learning described in the CA NGSS will require
assessments that are significantly different from those in current use. For example, as
shown in figure 9.2, items that assess disciplinary core ideas alone are inadequate for
assessing three-dimensional learning.
Figure 9.2. Example of Single Item vs Multi-Component Task
SINGLE ITEM TO ASSESS
ONE-DIMENSIONAL LEARNING

MULTI-COMPONENT TASK TO ASSESS
THREE-DIMENSIONAL LEARNING

The major movement of the plates
and description of plate boundaries
of the Earth are …

Subtask 1. Draw a model of a volcano forming at a hot
spot using arrows to show movement in your model. Be
sure to label all parts of your model.

A. Convergent

Subtask 2. Use your model to explain what happens
with the plate and what happens at the hot spot that
would result in the formation of a volcano.

B. Divergent
C. Transform
D. All of the above

Subtask 3. Draw a model to show the side-view (cross
section) of volcano formation near a plate boundary (at
a subduction zone or divergent boundary). Be sure to
label all of the parts of your model.
Subtask 4. Use your model to explain what happens at
a plate boundary that causes a volcano to form.

Source: SRI International 2013.

Classroom Assessment
The CA NGSS place an emphasis on classroom assessment, an integral part of instruction.
Classroom assessment should include both formative and summative assessment: formative
assessment to guide instructional decision making and support each student’s agency in
learning while the learning is occurring and summative assessment to make judgments about
student learning (e.g., assign student grades) after a period of learning. Through carefully
planned classroom assessment, teachers can monitor student understanding of disciplinary
core ideas, how they are reasoning and engaging in science and engineering practices, and
the degree to which they are making connections through crosscutting ideas. Instructional
practice that is aligned to the CA NGSS will include activities for teachers to gather evidence
of three-dimensional learning, such as “when students develop and refine models, generate,
discuss and analyze data, engage in both spoken and written explanations and argumentation,
and reflect on their own understanding of the core idea and the subtopic at hand” (NRC
2014). As part of the CA NGSS performance expectations, teachers should also be aware of
the assessment boundaries (identified in red following a PE) that clarify the scope and detail
appropriate to that grade level.
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Conceptual Approaches to Designing Three-Dimensional Assessment
The CA NGSS were constructed with Evidence-Centered Design in mind (also see NRC
2014). Evidence-Centered Design treats assessment design and development much like the
construction of an argument [SEP-7] in the CA NGSS. The objective is to make a claim
about what students know by gathering evidence from what students say, do, make, or
write to support the claim. In order to gather this evidence, teachers must invite students
to engage in carefully designed tasks. Any claim that our students understand targeted
disciplinary core ideas (DCIs), SEPs, and CCCs must be inferred from relevant, observable
evidence. The PEs from the CA NGSS outline the tasks students can demonstrably
accomplish when they attain the desired level of understanding.
Performance expectations are quite broadly stated and need to be instantiated in specific
classroom tasks in which educators construct and engage students in. Three particularly
useful resources supplement the PEs and help teachers design or evaluate assessments:
•

NGSS progressions. What do students need to understand about cause and effect
[CCC-2] at the high school level that they did not already know in middle grades?

How much do students need to understand about Earth systems (ESS2.A) in middle
grades versus elementary school? Since the CA NGSS were designed to deliberately
spiral upward, these distinctions (and many more like them) are important in designing
grade-appropriate assessments. The progressions describe what students should
understand and know at the end of each grade span for every sub-item in all three
dimensions of NGSS. Simple tables of the progressions appear in appendixes E, F, and
G of the original NGSS standards and are collected in one place in appendix 3 of this
framework.
•

Evidence Statements. While a PE may take up a single line, the Evidence Statements

released to supplement the NGSS expand on every single PE by describing the
evidence that teachers would need to collect to ensure that students have met the
PE. The Evidence Statements identify the underlying knowledge required for each DCI
included in the PE, the key elements of the SEP that teachers should look for, and how
the CCCs can be used to deepen understanding in this PE. Evidence statements are
available on the Achieve Web site at http://www.cde.ca.gov/ci/sc/cf/ch9.asp#link1
(Achieve 2015).
•

Assessment Boundaries and Clarification Statements. These brief statements

appear in red beneath each PE in the standards. They present an abbreviated version
of what the previous two resources describe. Assessment Boundaries usually place the
PE in the context along the progression of complexity, and the Clarification Statements
highlight some of the details that are expanded upon in the evidence statements.
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Both the progressions and evidence statements are hard to describe in a sentence or
two, but they are extremely valuable as teachers design instruction and assessment. The
framework writers used them as a constant reference. Readers that are not already familiar
with them should consider stopping and viewing them before continuing on.

Performance Tasks
CA NGSS instruction is centered on phenomena and NGSS assessment should be as well.
Such authentic assessment requires that students apply their full three-dimensional toolset
to new phenomena or new problems. The goal of three-dimensional assessment is therefore
not to test what students know, but to see how successfully they can use and apply what
they know. One way to accomplish this form of assessment is through classroom-embedded
performance tasks. As students conduct science and engineering within the classroom, they
record their work in ways indicated by the performance task and this record provides the basis
for assessment. The tasks may involve hands-on work, investigation using simulations, or
analysis of data produced by others.
Performance tasks that assess the CA NGSS:
•

Present students with novel phenomena or problems.

•

Assess a single PE or a bundle of related PEs.

•

Include multiple tasks that may focus on at least two NGSS dimensions.

•

Can be formative or summative.

•

Can be hands-on, computer-based, or a hybrid of the two.

•

Provide instruction and context so that students understand the nature of new
phenomena before being assessed about them.

•

May include intermediate instruction between tasks.

•

Can be teacher-developed as part of formative assessment, embedded within
a curriculum package, or developed and distributed by the state or districts as
self-contained scenarios.

There are many models for how performance tasks can be delivered in a classroom.
These tasks can be developed by teachers as part of their regular instruction and formative
assessment, or they can be fully contained scenarios provided by districts or the state to be
administered by teachers at the correct time within the flow of a course. Technology can
enhance the delivery of performance tasks, especially when they will be centrally scored.
Tasks can also be hybrid where students perform part of an investigation using hands-on
materials in their classroom and part of the investigation using computer simulations or
computer-based assessment prompts.
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Teachers may need to deliver instruction as part of the assessment in order to
introduce the specific scenario being investigated, which is one way in which instruction
and assessment begin to merge in the CA NGSS. Even after students understand the
phenomena, it may be necessary to embed instruction between different tasks in the
multi-part performance tasks. For example, a performance expectation might require that
students develop a model [SEP-2] of a system and then use it to write an explanation
[SEP-6] describing a specific cause and effect relationship in the system. These practices

are interrelated, but what if a student is unable to develop a viable model during the
assessment? An assessment would likely include multiple tasks that each focus on one of
the two practices. The second task may not show a clear picture of the student’s ability to
construct explanations unless there is an intermediate stage of instruction between the two
tasks to make sure that students have a viable model before continuing. Within a computerbased assessment, the instruction can be done through software tutorials. Because the
tasks are presented sequentially, educators still gain insight into where individual students
are along the continuum of skill for performing individual SEPs and applying individual DCIs
and CCCs.

Example Performance Task 1: Primary Grades Hands-on Investigation
NRC (2014) presents a performance task for students in the primary grades based
on a hands-on investigation. The description that follows is an abbreviated version of
what appears in that document. While this task is research-based, it was written before
the CA NGSS and employs DCIs that are not introduced in the primary grade span within
the CA NGSS and therefore is not a classroom-ready CA NGSS assessment. Despite this
shortcoming, it is included in this framework as an example of using a hand-on performance
task with young children to assess three-dimensional learning.
Students receive a set of materials shown in figure 9.3. In the task, students investigate
floating and sinking, but the task assumes no prior knowledge about why objects float (or
do not float). Instead, the task uses this novel phenomenon to probe students’ use of SEPs
and broader understanding of CCCs. Out of the six prompts, several SEPs and one CCC
are assessed multiple times. Two of the prompts focus on a single SEP (with CCCs), but
students must apply multiple SEPs for the majority of the tasks.
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Figure 9.3. Materials Provided for Performance Task 1

One ship

Two large discs
(each weighing
10 grams)

Two small discs
(each weighing
4 grams)

A candle

Source: Labudde et al. 2012.
PROMPT FOR QUESTION 1
Your ship can be loaded in different ways. We will try out one way. In a few minutes, you will
place the small disc as cargo in the ship. You will put the disc on the inside edge of the ship,
not in the center. What will happen when you put the ship in the water? In the space below,
draw a picture of what you think will happen. On the lines below, write an explanation of what
you think will happen.
SCORING RUBRIC FOR QUESTION 1
3 Points

Drawing/answer that reflects the following ideas: The ship is floating but is tilted
to one side. The placement of the disc on the inside edge of the ship caused the
ship to float unevenly.

2 Points

Drawing/answer that reflects the following concept: The ship is floating but is
tilted to one side. There is no explanation for why it tilts.

1 Point

Drawing/answer that indicates that the ship floats, but there is no recognition
that the off-center placement of the weight causes the ship to float unevenly.

0 Point

Drawing/answer that indicates that the ship sinks—or other answers/drawings.

COMMENTARY FOR QUESTION 1
This prompt helps set the stage for the rest of the task and has less assessment value
than some of the later questions. Since classroom performance tasks are opportunities for
both teaching and assessing learning, sometimes prompts may be inserted for learning value
rather than for assessment purposes. This prompt forces the student to make a prediction and
establish their preconceptions, an important aspect of conceptual change theory.
SEPs. Students must apply a mental model of floating objects to make a prediction.
Mental models, however, cannot be assessed (because they are inside students’ heads) and so
this particular item does not do an effective job of assessing the modeling [SEP-2] .
DCIs. The task requires background physical science knowledge about buoyancy and balance,
though these ideas do not correspond directly with any of the primary grade DCIs in CA NGSS.
CCCs. Level 1 on the rubric scale is for responses that fail to recognize the cause and
effect relationship [CCC-2] between the boat being off center and the placement of the weight.
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PROMPT FOR QUESTION 2
Place the disc in the ship as was demonstrated for question 1 and then place the ship onto the
water. Observe what happens. In the space below, draw a picture of what happened. On the lines
below, write an explanation of what happened. Try to include as many details in your drawing
and explanation that you think might help explain why the ship behaves the way it does.
SCORING RUBRIC FOR QUESTION 2
2 Points

The drawing contains the following elements: the water surface, the ship floating
tilted in the water, the lowest point of the ship is the side containing the disc.
The written explanation indicates that the ship floats but is tilted.

1 Point

The drawing contains some points of the correct solution (e.g., it may contain
two elements, such as the water surface and tilted ship, but part of the
explanation is missing).

0 Point

Other

COMMENTARY FOR QUESTION 2
SEPs. The rubric requires that students identify all the key elements in their pictures
(figure 9.4), which is essentially deciding what sort of data to collect. This decision is part
of planning an investigation [SEP-3] . Students write a brief explanation [SEP-6] of their
prediction and communicate [SEP-8] using a drawing. This prompt elicits these practices
at the level expected in the primary grade span, but this example should not be used as an
exemplar of assessing these practices at a higher level. An explanation [SEP-6] for a higher
grade level requires students to connect the phenomena to scientific principles, rather than
just this prompt’s evidence-based account of what happened. Communication [SEP-8] at
a higher grade level requires intent to communicate to a specific audience, rather than this
example’s drawing that simply illustrates scientific ideas.
DCIs. This prompt does not require knowledge of DCIs.
CCCs. This prompt does not require knowledge of CCCs.
Figure 9.4. Example Responses for Question 2
2 points

1 point

1 point

0 points

“The disc makes the ship
heavy on one side.”

“The ship floats but tilts
and water comes in.”

“It turns over.”

“It constantly
moves to the edge.”

No image drawn.

Source: Labudde et al. 2012.
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PROMPT FOR QUESTION 3
What else would you like to know about the ship and what happens when it is loaded with the
discs? Write your question below.
SCORING RUBRIC FOR QUESTION 3
3 Points

Questions or hypotheses similar to “Does the ship sink when I load it evenly with
all four discs?”

2 Points

Questions or hypotheses similar to “What happens if I load the ship with two
large discs?”

1 Point

No real question/question not related to material/problem recognizable.

0 Point

Other questions (e.g., “How far does it splash when I throw the discs into the
water?”) or statements (e.g., “Put the disc into the ship.”)

COMMENTARY FOR QUESTION 3
SEPs. Students generate their own questions [SEP-1] .
DCIs. This rubric does not measure knowledge of DCIs.
CCCs. The rubric score gives high priority to questions that probe stability and change
[CCC-7] , though the prompt does not specifically cue students to view the problem through
this lens. This rubric may miss “outside-the-box” thinking if students ask really insightful
questions that are not related to sinking.
PROMPT FOR QUESTION 4
Research your question. Perform an experiment to find the answer to your question. Draw and
write down what you have discovered.
SCORING RUBRIC FOR QUESTION 4
2 Points

Answer fulfills the following criteria: (1) The answer has a tight relation to the
question and the design provides an answer to the posed question/problem. (2)
The observations (drawing and text together) are detailed (e.g., “The ship tilted
to the left,” or “The load fell off and sank quickly”).

1 Point

Answer fulfills the following criteria: (1) The answer is somewhat connected to
the question, and the design provides an answer to the posed question/problem.
(2) The observations (drawing and text together) are understandable but
incomplete or not detailed (e.g., “The ship tilted”).

0 Point

Other answers

COMMENTARY FOR QUESTION 4
SEPs. This prompt is an authentic and brief opportunity to plan and carry out a simple
investigation [SEP-3] .

DCIs. This prompt does not require knowledge of DCIs.
CCCs. This prompt does not require understanding the CCCs.
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PROMPT FOR QUESTION 5
Consider what you could learn from the experiments you have just done. Mark “Learned”
if the statement indicates something you could find out from these experiments. Mark “Not
Learned” if it is something you could not learn from these experiments.
Learned

Not Learned

X

When discs are placed at the edge of a ship, it can turn over and
sink.
X

Ships need a motor.

X

The heavier a ship is, the deeper it sinks into the water.

X

A ship made from metal can be loaded with iron and still float.
X

Round ships float better than long ships.

(Correct answers are marked above).
COMMENTARY FOR QUESTION 5
SEPs. Each of these statements is a claim, and students must decide if the investigation
provided evidence to support that claim [SEP-7] .
DCIs. This prompt does not require knowledge of DCIs.
CCCs. This prompt also assesses cause and effect relationships [CCC-2] , as students
should only claim to have learned about the items where both the cause and the effect were
observed. The items learned can be related to DCIs about forces and weight.

Example Performance Task 2: Secondary Scenario-based Assessment
Oakland Unified School District (OUSD), an early NGSS implementer, has developed
NGSS performance tasks in which students apply different SEPs to answer a single big
question over multiple days. In the seventh-grade task, students learn about and engage in
an entirely new situation based around a fictional scenario storyline:
Student Storyline
In order to prepare for the Mars One Mission, a company called Biodome has
decided to send a team of scientists and doctors to live under a dome on Earth.
You are an environmental scientist working for the Biodome Company to help
analyze any data that the scientists collect. A catastrophe has occurred and death
is imminent. Your task is to find out what is wrong based on data collected from
the monitoring devices before it’s too late.

The first day of the performance task, the teacher introduces the task and students read a
one-page summary that provides context and background about the conditions on Mars and
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explains how the Biodome operates as a closed system to provide a livable habitat. Students
then learn about the real-life Biosphere project on Earth. They apply their mental model
[SEP-2] of the cycling of energy and matter [CCC-5] in photosynthesis and respiration

(LS2.1C) from previous instruction to construct explanations [SEP-6] that form the basis
for assessing MS-LS1-6 (“Construct a scientific explanation based on evidence for the role of
photosynthesis in the cycling of matter and flow of energy into and out of organisms”).
PROMPT FOR QUESTIONS 1 AND 2
Task Problem
About 20 years ago, a project under the name Biosphere 2 began a two-year experimental
study in a closed environment, but something went terribly wrong. Learning from the
scenario below will help make the current Biodome project a more successful one. You will
need to employ your expertise of matter and energy involved in chemical reactions, especially
in photosynthesis and respiration, to explain what happened.
Scenario: Data from the environment in the Biosphere 2 project showed that the percentage
of sunlight that was transmitted through the glass ceiling was 20 percent less than what was
expected.
Answer the following questions:
1. Explain how this decrease in sunlight affected the plants’ ability to grow.
2. Explain how this decrease in sunlight leads the people in Biosphere 2 to struggle with not
having enough food to survive.
SCORING RUBRIC FOR QUESTIONS 1 AND 2
Expert 3

Proficient 2

Emergent 1

Novice 0

Includes all the elements
of the Proficient level.

Explanations demonstrate how
energy is needed as an input that
allows photosynthesis to convert
matter into products needed for
growth.

Explanations
demonstrate
connection
to either
photosynthesis
or respiration,
not both.

Explanations
are either
unclear or
are largely
scientifically
inaccurate.

AND
Includes details such as
• plants perform respiration to use stored energy
for growth,
• specific structures that
allow matter to enter and
exit the organism or that
perform the reactions.

Explanations include how a
change affecting the products
of photosynthesis affects the
reactants of respiration and in
turn the energy output.
All ideas are scientifically accurate.

Some ideas
may not be
scientifically
accurate.

COMMENTARY FOR QUESTIONS 1 AND 2
SEPs. While the prompt calls for an explanation [SEP-6] , the rubric does not specifically
measure the qualities of the explanation itself. Additional subscales could be added.
DCIs. This rubric is almost entirely focused on DCIs related to photosynthesis and
respiration (LS1.C).
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COMMENTARY FOR QUESTIONS 1 AND 2
CCCs. Level 2 of the rubric does invoke the flow of energy and cycling of matter [CCC-5]
while level 3 students also include structure/function relationships [CCC-6] . Even though
these CCCs are mentioned, the rubric scale itself does not assess varying levels of understanding of these CCCs. If the intent of the rubric were to assess the depth of understanding of the
CCC, it would need a separate subscale that determined if students were achieving the middle
grades level of mastery according to appendix 3 (i.e., energy may take different forms and
matter is conserved because atoms are conserved).

On the second day of the performance task, students learn the details of the crisis in the
fictional Biodome scenario. The scenario includes specific data about the levels of oxygen.
Students examine these data to track down the source of the problem in the Biodome. Their
work forms the basis of the assessment of MS-LS2-1 (“Analyze and interpret data to provide
evidence for the effects of resource availability on organisms and populations of organisms
in an ecosystem”).
PROMPT FOR QUESTIONS 3 AND 4
Task Problem
Imagine Biodome has been up and running for one year. This Biodome project improved the
design of the glass structure to allow more sunlight to come in. However, you just received the
latest report from the doctors that they are concerned that the Biodomians are complaining
about having very little energy and seem very unhappy. The scientists have reported that the
plants and crops in the Biodome’s ecosystem are starting to die. You have 24 hours to figure
out what is going wrong in Biodome’s ecosystem before an emergency is declared and the
project is terminated.
Over the next two days, you will eventually figure out:
• what is causing the plants’ slowed growth, and
• why the scientists and doctors in the Biodome feel like they have less and less energy.
Answer the following questions:
3. Data Analysis. For each of the columns in the data table below, write a sentence to describe
the trend of the data for each factor (temperature, light intensity, CO2 level, O2 level, water
taken up by roots, photosynthesis rate)
4. Graphing and Interpretation. On the graph paper provided, create two graphs from the data.
Each graph should have a title and labeled axes.
• The first graph must show the photosynthetic rate over time.
• The second graph must show how the factor you believe is causing the problem changes
over time (plot just one factor: Temperature, Light Intensity, CO2 level, O2 level, Water
taken up by roots).
• Under each graph, explain:
(i) the story of the two sets of data and how they are connected,
(ii) the importance of any relevant breakpoints in the data.
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PROMPT FOR QUESTIONS 3 AND 4
Weekly Average Environmental Data Recorded at Noon
Week

Temp
(°C)

Light
Intensity (%)

CO2
(% of air)

Fraction of Water
(H2O) taken up by
roots

O2
(% of air)

Photosynthesis
Rate
(O2 production)

1

25

100

0.030

1.0

21

100

2

24

100

0.030

1.0

20

100

3

25

100

0.028

1.0

19.5

90

4

24

100

0.026

0.9

19

80

5

25

100

0.025

0.9

18.5

80

6

25

100

0.022

0.8

18

70

7

24

100

0.018

0.5

17

50

8

24

100

0.015

0.3

16.5

30

9

25

100

0.014

0.3

16

30

Week 1 – Entry from a Biodomian’s notebook: Everything seems to be functioning properly

here in the Biodome. We started to plant our own crops such as hyacinth beans and sweet
potatoes. I have measured the Hyacinth Beans to be 1.8m high. I am very excited to see how
they continue to grow.
Week 3 – Entry from a Biodomian’s notebook: I am starting to really get sick of all the

sweet potatoes we are eating here. The hyacinth beans seem to be having trouble adjusting
to the environment here as they are now 1.5m tall and some of the leaves are beginning to
turn brown. I am noticing that the scientists are complaining that it seems like it is getting
harder to breathe and stay entertained.
Week 6 – Entry from a Biodomian’s notebook: We are getting really worried about the

crops here because the hyacinth beans have wilted and are now only 1.2m tall. We also found
dead insects and worms in the soil. Our doctors have reported that everyone has complained
about low energy levels.
Week 9 – Entry from a Biodomian’s notebook: I am starting to feel extremely exhausted.

I woke up in the middle of the night feeling like I could not breathe. Hopefully the doctor can
figure out what is happening. I went to check on the crops earlier this week and only half
of the hyacinth beans are still alive and only 1m tall. The birds in the Biodome haven’t been
making much noise recently.
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SCORING RUBRIC FOR QUESTIONS 3 AND 4

4. Graphing and Interpretation

3. Data Analysis

Question

Expert 3

Proficient 2

Emergent 3

Novice 0

Description includes
all the items in the
Proficient level.

Description Identifies
correctly all trends in
the data.

Description interprets
relationships
between multiple
factors.

Description supports
trends with specific
numerical data
(numbers).

Description
identifies
some trends
in the data
correctly.

Description
of trends
is unclear
or largely
incorrect.

Description identifies
the optimal range
for each factor for
photosynthesis.

Entry describes all factors fully and correctly.

Description
does not
use specific
numbers
to prove
patterns.

Entry includes all the
items in proficient
level.

Plots accurately show
photosynthesis rate.

Plotting has
some errors.

Plots accurately display
the correct factor.

Graph might
be missing a
title or labels.

Entry could include
details such as
determination of a
best-fit line,

Title is correct and both
axes are labeled properly on each graph.

indication of a slope,
or mathematical
representation for
any relationships.

Entry describes the
story of how the factor and photosynthesis
rate are connected.

Description of
connection or
breakpoint is
inaccurate.

Graph is
hard to read
or many
elements are
missing
Description
of connection
or breakpoint
is unclear or
absent.

Entry explains the relevance of a breakpoint
in the data.

COMMENTARY FOR QUESTIONS 3 AND 4
SEPs. The rubrics for these two prompts distinguish two independent subskills within
SEP-4. Analyzing data [SEP-4] involves reading the table in question 3 and can reasonably
be assessed one-dimensionally. Interpreting data [SEP-4] , however, requires a direct link to
the other two dimensions.
DCIs. Level 3 of the rubric for question 4 has students relate photosynthesis (LS1.C,
LS2.B) to other factors. Students draw on their understanding of relationships between parts
of ecosystems (LS2.A) as part of their reasoning about this relationship.
CCCs. The breakpoint in the data mentioned in Level 3 of the rubric is an example
of stability and change [CCC-7] .
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During the final day of the performance task, students make a claim about the cause
of the problem in the Biodome. They support their claim with evidence [SEP-7] from
the previous day and reasoning based on their understanding of cause and effect relationships [CCC-2] and ecosystem functioning and dynamics (LS2.C). This argument forms the

basis of a three-dimensional assessment of MS-LS2-4 (“Construct an argument supported by
empirical evidence that changes to physical or biological components of an ecosystem affect
populations”).
PROMPT FOR QUESTION 5
After examining the data, make a clear claim as to which factor is causing the plants to die
and the Biodomians’ loss of energy. Be sure to support this with evidence from the reading
and data resources provided. Make sure to include each of the following in your explanation:
•
•
•

Reasoning that includes the role of photosynthesis in this problem
Reasoning that includes the role of cellular respiration in this problem
An argument against another factor being the cause of the problem

Proficient 2

Emergent 3

Novice 0

Claim for factor
causing the problem
is clearly stated
and connects to the
chemical reactions
driving the change
to system.

Claim for factor causing
the problem is clearly
stated and best fits the
data.

Claim for factor
causing the
problem seems
possible and is
clearly stated.

Description
of trends is
unclear or
absent.

Argument includes
all the items in
proficient level.

Argument provides
appropriate and
sufficient evidence from
the data and reading
resources.

Argument provides
appropriate
evidence, but
needs more to
support the claim.

It includes analysis that
compares factor data
to photosynthetic rate
at different points with
specific quantitative
data to support claim.

Source may
or may not be
identified.
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Supporting Claim

Cause and Effect

Expert 3

Argument Evidence:

Criteria

Argument Claim:

SCORING RUBRIC FOR QUESTION 5

Argument organizes
evidence to leave
the audience with
the strongest piece
of evidence.

Multiple factors
may be given.
All evidence
is inappropriate
and/or does
not support
the claim.
Source may
or may not
be identified.

The source is identified.
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SCORING RUBRIC FOR QUESTION 5
Argument accurately
explains why the
evidence supports
the claim.

Photosynthesis/Respiration Connection
Rebuttal

Argument

Argument Reasoning:

It includes all items
from proficient level.

The argument
•

•

It includes details
such as
•

•

how energy is
stored in the
bonds of certain
molecules and
released during
chemical reactions,
how molecules
can be rearranged
in the body to
perform different
functions.

Rebuttal
convincingly
disproves another
claim.

•

•

explains why the
evidence supports
the claim with minor
corrections needed,
describes how each
piece of evidence is
connected to photosynthesis and/or
respiration,
demonstrates how
plants and animals
are interconnected
through the products
and reactants of the
reactions,
explains how changes
in matter during the
reactions relate to
energy and the use of
energy.

Rebuttal addresses
another claim but does
not disprove it.

The argument
•

•

explains why
the evidence
supports the
claim,
includes
reasoning that
demonstrates
connections to
photosynthesis
and respiration,
but many ideas
are inaccurate.

Rebuttal actually
proves the
alternative claim
and weakens the
overall argument.

The argument explains
connections
between evidence and
claim but
is unclear
and includes
major
inaccuracies.

Rebuttal is
unclear or
absent.

COMMENTARY FOR QUESTION 5
One could argue that Question 5 is not perfectly aligned to MS-LS2-4 because the focus in the
PE should be the effects on “populations,” which implies shifts in the number of individuals or
characteristics. The biosphere crisis in this scenario affects individual organisms within a population and students have minimal data about the populations overall. The potential misalignment illustrates the challenge of developing authentic performance tasks with coherent storylines that also fit into the narrow specifications of the CA NGSS PEs. Despite this shortcoming,
the prompt represents a culmination that requires integration of all three CA NGSS dimensions.
SEPs. This rubric measures the subcomponents of an effective argument [SEP-7] with a
claim, evidence, reasoning, and the address of a counter claim.
DCIs. The reasoning criteria in the rubric focus on how matter and energy are related
in organisms (LS1.C) and ecosystems (LS2.C). The highest level rubric also shows students
drawing connections to LS1.A (Structure and function) and PS1.B (Chemical reactions)
CCCs. The highest level of the claim criteria includes a specific causal mechanism
not mentioned in the lower levels. This distinction reflects the fact that the middle grades
understanding of cause and effect [CCC-2] highlights the difference between correlation and
causation (appendix 3).
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Strategies for Three-Dimensional Assessment
The previous section illustrated examples of rich, multicomponent assessments. These
assessments included a series of simpler subtasks that may assess only two dimensions
at a time. The sections below provide ideas, insights, and strategies that teachers can use
to design some of these subtasks. The snapshots below pull out individual SEPs to give
simple pictures of an otherwise overwhelming world of three-dimensional assessment. The
examples are organized by SEP because assessment design does require that students
“do” something in order to demonstrate their learning, but assessment of DCIs and CCCs
is embedded within each example. As teachers integrate strategies like these into their
teaching, they will eventually be able to construct fully integrated performance tasks of their
own that simultaneously assess multiple practices, or evaluate assessment tasks written by
others to ensure that they include rigorous assessment of all three dimensions.

s ing

uestions an Defining Pro lems

While questions stem from natural curiosity, the CA NGSS are trying to cultivate each
student’s ability to ask productive scientific questions by the end of the K–12 progression.
Questions are often the entry point into scientific processes that spur innovations and
discoveries, so assessment of this SEP might focus on evaluating whether or not questions
are scientifically productive. The form of the assessment varies based on the grade level.
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Assessment Snapshot 9.1: Distinguishing Between
Helpful and Unhelpful Questions in Primary and
Elementary School
Mrs. J’s first grade class had just completed the snapshot “Matching
Environment and Needs.” She then told students that she had a mystery
animal and they would need to ask questions to figure out what the animal
was. After students wrote their own question in their science notebook,
Mrs. J provided students a list of questions and asked them to categorize each as either
helpful or unhelpful. Mrs. J noticed that many of the students identified the question
“Does the animal drink water?” as “helpful.” She led a class discussion about the question
and reminded students that all living things need water to survive. After listening to their
answers, Mrs. J realized that students had a misconception that fish “drink” the water in
order to breathe, so this question was helpful for deciding if the animal was a fish. She
drew a chart on the board comparing the words “drink’” and “breathe” and had students
help her describe the differences. Mrs. J had students return to their initial questions and
revise them in order to make them “more helpful.” They then got to ask them and discover
what the mystery animal was (Inspired by Jirout and Klahr 2011).
Commentary:
SEPs. At the primary level, students ask questions [SEP-1] to “find more information
about the natural . . . world” (appendix 1). By the time students enter elementary
grades, they should be asking questions that require investigation and not just gathering
information, but this task is on target for primary grades.
DCIs. The task required that students connect animal parts with their functions
(LS1.A) and learn that all animals need food to grow (LS1.C).
CCCs. This task did not assess understanding of CCCs.
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Assessment Snapshot 9.2: Asking Questions about
Cause and Effect for Middle Grades and High School
The CA NGSS emphasize the student’s ability to ask questions, so formative
assessment of this practice involves providing opportunities for students to
ask questions and then evaluate them. Dr. D had students ask questions at
the end of each class period about what they wanted to know next.
In this example, students had spent the class analyzing graphs of Earth’s temperature
during the twentieth century (MS-ESS3-5). Once all students had submitted their
questions to an online tool using their smartphones, Dr. D had them use the tool to vote
on which would be the most productive questions to pursue during the next class period.
Dr. D asked students to evaluate specific questions by asking, “Would answering this
question help us determine a cause and effect relationship [CCC-2] ?” The questions
were displayed anonymously and because Dr. D used this strategy regularly in his class,
he had established a climate that the voting process was not a popularity contest; it was
a learning process and the whole class benefited from having a range of questions to
compare. After class, Dr. D individually reviewed the questions and quickly assigned the
questions to a rubric scale (figure 9.5), noting which criteria his students had mastered
and which they had not. He wanted to share his results with his professional learning
community that meets after school to see how they compared to other classrooms.
Perhaps his colleagues had had more success and could offer tips about how he could
help focus the student questions.
Commentary:
In this case, the questions themselves were formative assessments of individual
students and the voting process provided feedback about the overall class level of
understanding of the elements of effective questions. See the rubric in figure 9.5 for how
this task assesses SEPs, CCCs, and DCIs.
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Figure 9.5. Rubric for Asking Questions About a Cause and Effect Relationship in
Global Climate
blank

Science and
Engineering
Practices

[SEP-1] Asking
Questions
Disciplinary
Core Ideas

ESS2.A Earth
Materials and
Systems
Crosscutting
Concepts

[CCC-1]
Patterns

3

2

1

Question draws on specific
evidence in the graphs and
could be answered through
application of other SEPs
(i.e., it is scientifically
testable).

Question draws on
specific evidence
or is scientifically
testable but not
both.

Question may express
curiosity but does
not build on evidence
presented and is not
specific enough to be
testable.

Question invokes energy
and mass transfer between
Earth’s systems or the flow
of energy into/out of the
system.

Question invokes
interactions
between Earth’s
systems.

Question does not build
on existing DCI knowledge or invokes DCI
material that is not relevant to the phenomena.

Question asks about a
specific cause and effect
mechanism or acknowledges the possibility of multiple contributing causes.

Question inquires
about the existence
of cause and effect
relationships but is
not specific.

Question does not
probe cause and effect
mechanisms.

This rubric could be revised for other phenomena primarily by modifying the DCI subscale.
Examples from a task interpreting graphs of average global temperature in the twentieth
century (MS-ESS3-5): “Is the temperature warming?” (Rubric score 2, 1, 1 on SEP, DCI, and
CCC, respectively)
Commentary
This question could be measured and investigated, but this question ignores the data
presented in the task that already answer this question. While answering this question might
inspire other questions about cause and effect, this question by itself does not probe any
cause and effect relationships.
“Why does the temperature go up and down so much?” (Rubric score 2, 1, 2)
Commentary
This question is based on observations but is not specific enough to investigate. The word
“why” probes cause and effect.
“Could the temperature increase be caused by the Sun getting brighter?” (Rubric score 3, 3, 3)
Commentary
This question correctly interprets a warming trend on the graph, draws on DCIs that relate
climate to energy from the Sun, is specifically testable if data about the Sun’s brightness were
available, and inquires about a specific cause and effect relationship.
(Adapted from M. d’Alessio 2014)
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This rubric scale focuses on a task of asking questions [SEP-1] but is also an indicator
of the understanding of DCIs and understanding of cause and effect relationships [CCC-2] .

Developing and Using Models
In the early grades, models are typically more tangible representations such as physical
models or pictorial models/diagrams. By high school, these models can be more abstract
conceptual models represented by concept maps, mathematical models, or even computer
codes. In almost all cases, these are models of systems [CCC-4] . The NGSS Evidence
Statements (Achieve 2015) define three key elements that are a part of every model:
components, relationships, and connections. Systems have components that interact
with one another (these interactions are called “Relationships” in the NGSS Evidence
Statements). Models can be applied to understanding phenomena and predicting the
behavior of the overall system (these applications are called “Connections” in the NGSS
Evidence Statements). One way to assess whether or not students have developed models
of systems is to provide media for them to illustrate the mental models that are inside their
heads. These media can be materials to make physical models or abstract representations
such as pictorial models.

Assessment Snapshot 9.3: System Models in Middle
Grades and High School
Ms. P assigned her middle grades students a task to draw a model [SEP-2]
that illustrated the flow of energy [CCC-5] in an ecosystem (MS-LS2-3). Ms.
P used to have students draw their models on a piece of paper, but she
found that students really did not understand what a model was or how to
represent it. She decided to use a computer tool to help scaffold the process, in this case
the free MySystem tool (part of Web-based Inquiry Science Environment [WISE], http://
www.cde.ca.gov/ci/sc/cf/ch9.asp#link2). Students selected different illustrations of objects
that would act as components in the system [CCC-4] and dragged them onto the
workspace. Then they made connections between the objects to represent interactions
between the components. The tool required that students describe these relationships with
labels. Ms. P was able to distinguish between different levels of understanding by just
glancing at the system diagrams (figure 9.6). Ms. P also found that the labels of the
relationships provided her specific, direct insight into student mastery of DCIs. For
example, a student who had built up a strong knowledge of DCIs labeled a relationship
“the captured energy is made to food in the chloroplast” while another says simply “flow.”
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Assessment Snapshot 9.3: System Models in Middle
Grades and High School
Figure 9.6. Example Student Models of Energy Flow in an Ecosystem
Relationships not articulated

Relationships well articulated

Source: Web-based Inquiry Science Environment (WISE) 2015.
Ms. P was trying to decide which rubric to use to score the models, deciding between
a simple holistic rubric (figure 9.7) and a criterion-based rubric (figure 9.8). Neither rubric
makes a distinction between the SEP and the DCIs or CCCs being assessed since successful
completion of the item requires combined application of the three. While she liked the simplicity of the holistic rubric, she was worried that she would be inconsistent in its application.
Figure 9.7: Holistic Knowledge Integration System
6

Systemic: Students have a systemic understanding of science concepts.

5

Complex: Students understand how more than two science concepts interact in
a given context.

4

Basic: Students understand how two scientific concepts interact in a given context.

3

Partial: Students recognize potential connections between concepts but cannot
elaborate the nature of the connections specific to a given context.

2

Isolated: Students have relevant ideas but do not connect them in a given
context.

1

Irrelevant: Students have irrelevant ideas in a given context.

Source: Technology Enhanced Learning in Science 2011.
She opted for the criterion-based rubric because it provided her students more specific
feedback about where they could improve. Because it was more detailed, she decided to
spend time introducing the rubric to her class and having them learn to score their peers’
system models. While she found that they were not able to reliably score one another
(they had a hard time judging accuracy), she did feel that the exercise helped them focus
on the key elements of a successful model. She had the students revise their models after
their peer scoring and many made critical improvements.
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Assessment Snapshot 9.3: System Models in Middle
Grades and High School
Figure 9.8: Sample Criterion-Based Rubric for System Models
3
Components

Relationships
(arrows)

2

1

All essential
components of
the system are
included. The
model does not
include irrelevant
components.

Major components of
the system are present,
but smaller details are
missing.

All components
that interact are
connected.

Some essential
relationships are missing.

OR
Extra components are
included that are not
appropriate to explain the
phenomenon.

OR
Some components are
incorrectly connected.

Relationships
(labels)

Relationships are
labeled with a clear
description of the
physical process
that connects them.

One or
more major
components are
omitted from
the system.

Some of the labels are
unclear or inaccurate.

Major flaws
exist in the way
the components
are connected
in the diagram.
Some labels
are vague or
missing.

Source: Table by M. d’Alessio.
Commentary:
SEPs. In this task, students developed a model [SEP-2] . This prompt did not ask
students to use or apply their model, which is a separate component of SEP-2 that would
need to be assessed with another prompt.
DCIs. The rubric recorded DCI understanding as students used scientifically accurate
components, relationships, and labels related to the cycling of matter and energy transfer
in ecosystems (LS2.B).
CCCs. Students described the interactions between components in a system [CCC-4] .
When looking more closely at the description of CCC-4 in appendix 1, it became clear that
this task really probed systems at the elementary level. In middle grades, students are
expected to extend their understanding of systems to include systems composed of
interacting subsystems. This prompt could be extended to ask students to depict what goes
on inside each of the organisms in the same diagram as the overall ecosystem.
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In elementary grades, models might be simpler but should still emphasize the relationships
between components. Figure 9.9 shows two student responses to the prompt “Draw a
model of a volcano formation at a hot spot using arrows to show movement in your model.
Be sure to label all of the parts of your model.” Both models include labels of the
components, but neither one effectively illustrates how the components relate to one
another.
Figure 9.9. Example Student Models at the Elementary Level

COMMENTARY
SEPs. Students develop a model [SEP-2] that illustrates the relationship between objects.
In the example diagrams, all the relationships are spatial (an important aspect of a model). The
prompt directs students to use arrows to show movement in the model. Assuming that students
noticed this instruction, the absence of motion arrows in the examples likely indicates that
students do not understand the cycling of Earth materials and how it relates to this context.
DCIs. This task goes beyond the elementary grade understanding of ESS2.B because
elementary students are primarily expected to recognize patterns in volcanoes. They don’t link
volcanoes to plate motions and the cycling of matter until middle grades (ESS2.A).
CCCs. Students describe the interactions between components in a system [CCC-4] .
Source: SRI International 2013.
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At the high school level, students still struggle identifying interactions between
components. Figure 9.10 shows how an abstract system model can be used as a quick
formative assessment to build this way of thinking.
9.10. Quick Formative Assessment of Systems in High School
Below are six different components of a simplified system. Draw arrows showing which
components are related and add detailed labels of the relationships.
Atmosphere

Solar energy
(visible light)

CO2

Temperature

Weather

Climate

COMMENTARY
SEPs. Students develop a model [SEP-2] that illustrates the relationship between
objects. At the high school level, students should be able to identify the components
themselves, but this task is designed as a “quick formative assessment” where the focus is on
the relationships between components.
DCIs. This task asks students to articulate core ideas about Earth’s energy budget and
driving forces of weather and climate (ESS2.D).
CCCs. Students describe the interactions between components in a system [CCC-4] .

Prompts with four to six components make easy warm-up exercises and can be done
individually or collaboratively.
Students must not only develop models, but they must use them to explain how
phenomena happen. In the NGSS Evidence Statements (Achieve 2015), PEs with SEP-2
include a Connections section that articulates possible applications of the model. Teachers
can use these Connections to construct assessment items. For example, the evidence
statement of HS-ESS2-4 says that students should be able to use their models to describe
the “net effect of all the competing factors in changing the climate.” After developing the
model in figure 9.10, teachers could prompt students by saying, “In the first two decades of
the twenty-first century, the amount of solar output went down slightly while the amount of
CO2 in the atmosphere went up dramatically. Use your model to explain what will happen to
the planet’s temperature.”
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Language is one avenue for formatively assessing student models because they must make
their thinking public. A teacher may ask a student to turn an internal mental model into a
conceptual model by asking, “Can you explain your model to me?” This everyday usage of
the word “explain” is not the same as the NGSS practice of constructing an explanation
[SEP-6] . Perhaps the teacher could use the phrase “Describe your model to me” to avoid

such confusion. In this case, the description is a verbal representation of the model. Such
verbal representations complement pictorial models when students present a diagram to the
class and describe what it shows. The Connections section in the evidence statements for
PEs with SEP-2 often gives guidance for what students should be able to describe. For
example, in MS-LS2-3, students should be able to use their model to describe what happens
“when organisms consume other organisms” and indicates that student responses should
describe how “there is a transfer of energy and a cycling of atoms that were originally
captured from the nonliving parts of the ecosystem by producers.” After students develop
the model in figure 9.6, teachers could prompt students to “use your model to describe
what happens to atoms when an animal eats another organism.”

Planning and Carrying Out Investigations
Investigations come in many different formats, so performance tasks related to
investigations can be hands on or conducted entirely on computers. Technologyenhanced investigations can be contrived “virtual labs,” realistic computer simulations, or
investigations using digital data such as satellite imagery.
The important components of this SEP are that students start from an open scientific
question and end with realistic data. While this process needs to be scaffolded to help move
students along a developmental progression, by the end of grade twelve, students should
be able to
1. start with an open ended scientific question and convert it into a scientifically testable
question;
2. decide how to test it (considering appropriate scientific practices of repeatability and
consistency);
3. decide what specific data need to be collected;
4. then actually carry out the investigation.
Along the way, there are a number of formative assessment strategies that can provide
practice and feedback for students on the key skill of planning.
Because carrying out investigations is so time consuming, formative assessment is
especially important for planning investigations that are likely to succeed (though there is
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certainly a balance between letting students learn from their mistakes and helping them
learn to avoid the mistakes). Specific strategies for formative assessment focus on specific
pieces of the planning process. To help students articulate the purpose of an investigation,
they can select from a list of possible purpose statements, discussing their choice with
peers (this strategy works even better if students can anonymously submit their own
statements and then have the students select the best exemplars from their class). Students
must identify the specific evidence that addresses the purpose of the investigation. They
can decide which quantities can be measured and the appropriate tools to determine
those quantities [CCC-3] . A scaffolded approach could have students prepare blank data
tables and graphs, or select the correct tables and graphs from options presented by the
teacher. Students can predict the appropriate scale [CCC-3] for graph axes (before they
even collect the data). They can begin to consider how they will analyze and interpret the
data [SEP 4] . To plan procedures, students could write them up or sketch a storyboard.

To make the task less open ended, students can be given a list of procedures in a
mixed-up order, identify intentional errors in a procedure provided to them, or write a brief
justification for each step of a complete procedure presented to them. With each of these
tasks, teachers can monitor progress and provide feedback.
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Assessment Snapshot 9.4: Experimental Design for
High School
Dr. S and Ms. H wanted to see if transitioning their high school science
courses to NGSS-style student-driven investigations would help their students
understand experimental design better. They recruited all the teachers in their
department to administer a short one-page assessment to their students at the
beginning and again at the end of the year about planning experiments (figure 9.11). Some
of their teachers were transitioning to NGSS already while some were using more traditional
teaching techniques with recipe-style labs. At the end of the year, they blind scored all the
tests (using table 9.3). Students who designed their own experiments throughout the year
showed a much better ability to investigate a question about a health claim in the media. The
two teachers shared their results at a department meeting after school to encourage their
colleagues and decided to read more about the developmental progression of experimental
design and common preconceptions (Dasgupta, Anderson, and Pelaez 2014).
Source: Adapted from Sirum and Humburg 2011.
Commentary:
Effective rubrics for summative assessment in NGSS place development along a
continuum of understanding. The binary checklist in table 9.3 is not a good example of
this, but it does serve as a good formative assessment of what specific sub-ideas students
consistently fail to remember or understand. Dr. S and Ms. H could identify specific
aspects of experimental design that students consistently failed to include and then add or
revise their lab activities to ensure that students learned these ideas.
SEPs. This rubric assesses the ability to plan investigations [SEP-3] .
DCIs. This prompt does not require knowledge of DCIs.
CCCs. This snapshot emphasizes one of the Nature of Science CCCs, “Scientific
Knowledge Assumes an Order and Consistency in Natural Systems.” To measure
understanding of this CCC along a continuum, a different rubric would be needed than the
scoring checklist of table 9.3.
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Figure 9.11. Experimental Design Ability Test
Pretest prompt: Advertisements for an herbal product, ginseng, claim that it
promotes endurance. Prior to accepting this claim, what type of evidence would
you like to see to determine if the claim is fraudulent? Provide details of an
investigative design.
Posttest prompt: The claim has been made that women may be able to achieve
significant improvements in memory by taking iron supplements. Prior to
accepting this claim, what type of evidence would you like to see to determine if
the claim is fraudulent? Provide details of an investigative design.
Source: Sirum and Humburg 2011.
Table 9.3. Experimental Design Ability Test Scoring Checklist
?

?

+1

Recognition that an experiment can be done to test the claim (versus simply reading
the product label).

+1

Identification of what variable is manipulated (independent variable is ginseng versus
something else).

+1

Identification of what variable is measured (dependent variable is endurance versus
something else).

+1

Description of how dependent variable is measured (e.g., how far subjects run will be
measure of endurance).

+1

Realization that there is one other variable that must be held constant
(versus no mention).

+1

Understanding of the placebo effect (subjects do not know if they were given ginseng
or a sugar pill).

+1

Realization that there are many variables that must be held constant (versus only one
or no mention).

+1

Understanding that the larger the sample size or number of subjects, the better the data.

+1

Understanding that the experiment needs to be repeated.

+1

Awareness that one can never prove a hypothesis, that one can never be 100 percent
sure, that there might be another experiment that could be done that would disprove
the hypothesis, that there are possible sources of error, that there are limits to
generalizing the conclusions (credit for any of these).

/10

Total

Source: Sirum and Humburg 2011.
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Not all investigations are considered experiments where parameters are varied or held
constant and compared against controls. Large advances in science have come from purely
observational investigations (including the mapping of the human genome, the discovery of
planets around distant stars, and the recording of seismic waves that probe Earth’s interior).
An overemphasis on experimental design is not developmentally appropriate for the early
grades when it may be more valuable to stress these curiosity-driven “exploriments.”
Teachers can even assess student attitudes towards science to see how well they are
advancing the CCC that science is a human endeavor [CCC-NoS] using the Draw a
Scientist test (Chambers 1983) or other validated survey.

Analyzing and Interpreting Data
Data are at the core of science. Analyzing and interpreting data can therefore be assessed
alongside almost all the other SEPs. Students can use data to explain [SEP-6] what
happened, to support an argument [SEP-7] about why it happened, and to predict what
will happen (when combined with models [SEP-2] or mathematical thinking [SEP-5] ).
Students can communicate [SEP-8] using representations of data when data can be
interpreted clearly (as in infographics), and ask questions [SEP-1] when they cannot.
Grammarians remind us that the word “data’” is plural, reflecting the fact that data
are a collection of individual cases. To a scientist, each case has little meaning unless it is
compared to the data as a whole. Seeing data as both its whole and its parts is a skill that
students acquire over time. They learn to recognize trends and patterns [CCC-1] as well
as individual cases that deviate from those patterns. Expert scientists have developed an
internal “library” of common data patterns (bell curves, exponential growth, linear trends,
sine curves, etc.) that are each mentally linked to a set of tools for interpretation and
physical processes that might cause [CCC-2] the pattern. Assessment allows teachers to
determine where students are along the progression from a novice who only sees individual
cases to an expert who fluidly sees the parts and the whole together.
Many of the skills for analyzing data at the early elementary level focus on helping
students learn to record their observations, looking for patterns [CCC-1] in the
observations, comparing observations and predictions. As students progress through the
grades, they are able to deal with these same three skills in increasing complexity.
Data collected by students in the real world are messy. Imprecise measurement tools
and impatient students often generate data that are too noisy to recognize the critical
trends and patterns. Scientists need to collect enough data so that random errors cancel
out, but classroom time for investigation is often limited. Technology can help solve some
of these problems by providing ways for classes to quickly combine the data from multiple
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student groups and instantly display the results from all groups side by side. When students
see their data in comparison to others, it prompts them to ask questions [SEP-1] about
why results might differ from one another (d’Alessio and Lundquist 2013). Experts do this
automatically, comparing new data to internal representations of how the data “should”
look, but students still benefit from external comparisons. When pooled together, patterns
become clearer (Vandergon et al. 2016).

Assessment Snapshot 9.5: Analyzing Data for
Upper Elementary
Ms. L gave her fifth-graders a design challenge to build small paper rockets
that they launched by blowing into a straw. Their goal was to modify the
rocket so that it traveled as far as possible, which required testing and
iteration. Everyone received a template for the same rocket body and same
shape fins because researchers have found that using a common prototype as a starting
point can lead to bolder innovations in classroom design projects (Sadler, Coyle, and
Schwartz 2000). Before students began their free design, Mrs. L presented a fictional dialog
between students that highlighted some of the decisions they would have to make about
how the structure would enable the rocket’s function [CCC-6] .
Amara: “The fins should go in the middle so it glides like an airplane.”
Brian: “No! They should go in the back like feathers on an arrow.”
Carrie: “Wings? Feathers? This is a rocket, not a bird! They should go in the front so
that they can help guide the rocket forward.”
She asked students to plan an investigation [SEP-3] to figure out which student’s idea
worked best (see figure 9.12). All teams in the class agreed to systematically test the same
rocket body with wings attached in three different positions. Mrs. L set up an online form
for them to submit their results. She projected a graph on the screen that automatically
displayed the results. It began blank and Mrs. L asked students to sketch in their science
notebooks what the graph would look like if Amara were correct, and then had them
add the other two students. Students then performed their trials with the paper rockets
and the graph was updated with their data (9.12A). Once all trials were complete, Mrs. L
asked students if they had enough information to answer the original question posed by
the Amara, Brian, and Carrie. A student from Team 2 used the systematic progression in
her team’s data to agree with Brian, but a student from Team 11 said that her team found
that Amara’s suggestion worked best. Mrs. L was glad to see students using their data to
support their arguments, but each student only used data from his or her own team and
did not examine the data as a whole (a common developmental stage). Students wouldn’t
be required to calculate mean values until sixth grade (6.SP.5c), but students could relate
to the “middle” or average of a set of data. She asked students to come to the board to
draw where they thought the average was for each fin location in figure 9.12A. She invited
classmates to call out higher or lower to get across that this method of determining
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Assessment Snapshot 9.5: Analyzing Data for
Upper Elementary
averages was somewhat subjective. She informed the class that there was a simple way
to calculate [SEP-5] the average, and that she had set up the computer spreadsheet
to do this automatically. She projected figure 9.12B and had students compare their
own visual estimate to the calculation [SEP-4] . She asked teams to discuss what might
have caused [CCC-2] their individual rockets to differ from the average. One student
noticed a pattern [CCC-1] that the results with the fins in the front were all pretty similar,
but some rockets went a lot farther when the fins were in the back while others did not.
The students wanted to know why, but Mrs. L says, “I am impressed by your observations,
but I don’t really know the answer for sure.” Mrs. L discussed the ideas of repeatability
and variability and then asked students to revisit the possible causes of the differences.
At the end of the activity, Mrs. L asked students to write an argument [SEP-7] using the
sentence frames: “When I build my rocket, the best place to put the fins is _____ because
________. This position is better than the others because _____.” She also asked students
to sketch a graph of the data that supported their argument. A large number of students
sketched something similar to figure 9.12A and claimed that fins should go in the middle
or front, continuing to cite only their team’s individual experience. Mrs. L. decided to find
another activity for next week that further emphasized the idea that combining large
amounts of data can create a clearer picture.
Figure 9.12. How Does Fin Position Affect How Far a Rocket Flies?

Distance traveled (m)

Team 2

Team 11

Front

Middle

Back

Fins attached to the...

B. When analyzed together, a trend emerges.
Distance traveled (m)

A. Results from individual teams are scattered.

Front

Middle

Back

Fins attached to the...

Students submitted their results using an online form. During data collection, graph A
projected on the screen. After student discussion of the variation between each trial, the
teacher projected graph B that illustrated a clear trend. (Graphs by M. d’Alessio.)
Commentary:
SEPs. The class discussion of the two graphs and the evidence students chose
to include in their argument were Mrs. L’s formative assessment of students’ ability
to analyze data [SEP-4] . In particular, the argument allowed her to assess how well
her students “used data to evaluate and refine design solutions” (appendix 1). She was
trying to move them toward the ability to “consider limitations of data analysis (e.g.,
measurement error), and/or seek to improve precision and accuracy of data with better
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Assessment Snapshot 9.5: Analyzing Data for
Upper Elementary
technological tools and methods (e.g., multiple trials),” which is a middle grades level
of data analysis [SEP-4] (appendix 1). The example did not provide a rubric, but Mrs. L
used trends in the student arguments to add a new lesson that retaught the key idea that
students missed about measurement error.
DCIs. In ETS1.B (Developing Possible Solutions) students should understand that tests
are often designed to identify failure points or difficulties, which suggest the elements of
the design that need to be improved. This task addressed ETS1.B but did not offer any
assessment of it.
CCCs. Students “use graphs and charts to identify patterns [CCC-1] in data” (a
middle grades level understanding from appendix 1).
Resources:
NASA Jet Propulsion Laboratory n.d.
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Using Mathematics and Computational Thinking
Different aspects of mathematics and computational thinking pair with other SEPs and
should therefore be assessed in tandem with those practices. For example, statistical thinking
is important for analyzing and interpreting data [SEP-4] . Understanding measurement and
units is a critical part of planning and carrying out investigations [SEP-3] . Understanding
the application of computer simulations is part of developing and using models [SEP-2] .

Assessment Snapshot 9.6: Mathematical Thinking
for Early Elementary
Mr. A’s kindergarten class was conducting an investigation when they realized
that they needed to use mathematical thinking [SEP-5] . Mr. A’s class
received a package of silkworm eggs and was amazed how they all hatched
on almost the same day. One student asked how quickly they would grow
and another wondered how big they would get. The students decided that they would like
to track the growth [CCC 7] of their silkworms and measure them daily. Mr. A wanted the
students to come up with a way to answer the question “How big [CCC-3] are they today?”
through a visual display of their measurement data. The students needed to find a way to
summarize all their measurements using a graphical display. Mr. A was guided by research
about the different developmental levels in understanding how to display data (table 9.4).
Table 9.4. Developmental Levels of the Ability to Display Data
Level

Descriptor

6

Create and use data representations to notice trends, patterns, and be able to
recognize outliers.

5

Create and use data representations that recognize scale as well as trends or
patterns in data.

4

Represent data using groups of similar values and apply consistent scale to the
groups.

3

Represent data using groups of similar values (though groups are
inconsistent).

2

Identify the quantity of interest, but only consider each case as an individual
without grouping data together.

1

Group data in ways that don’t relate to the problem of interest.

Source: Adapted from Wilson, Ayers, and Schwartz 2013.
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Assessment Snapshot 9.6: Mathematical Thinking
for Early Elementary
One group ordered each of the 261 measurements by magnitude, making a bar for each
worm. The display used a full 5 feet of wall space! (figure 9.A; level 2 on table 9.4). Another
group made a bar graph with a bin size of just 1 mm per bin, which led to 50 different
bars (figure 9.13B; level 4 on table 9.4). Also, this group’s vertical axis only extended to
six worms at the top of the paper, so bars with more than six worms were cut off. A third
group created a more traditional bar graph with measurements placed into bins. Rather than
using bars, the group used circles stacked one on top of the other. Unfortunately, different
students drew the circles for each bin, and they were not the same size and therefore not
comparable (figure 9.13C; level 3 on table 9.4).
Mr. A led a discussion about which representations were most useful for understanding
silkworm growth. Mr. A recognized that each representation was at a different developmental level and used that understanding to highlight different concepts with different students
(grouping versus consistent grouping, for example). As students examined the graphs [SEP-4]
with better understanding of what they represented, they noticed a pattern [CCC-1] that
there were more “medium-sized” silkworms and fewer short or long ones (level 5 on table
9.4), which allowed Mr. A to introduce the concept of variability. Students began to ask
questions about why some silkworms were growing so much faster than others. Mr. A’s
targeted guidance about how to represent data helped elevate the scientific discussion.

B

Count

A

Length (mm)

Figure 9.13. Facsimiles of Student-Created Representations of Silkworm
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Groups A and B continue off to the right with additional pages.
Source: Adapted from Lehrer 2011.
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Assessment Snapshot 9.6: Mathematical Thinking
for Early Elementary
Commentary:
SEPs. The emphasis of the rubric is on the ability to count and recognize similar values,
examples of using mathematical thinking [SEP-5] at the primary level.
DCIs. While the activity supports the DCIs that plants and animals have unique and
diverse life cycles (LS1.B) and that individuals can vary in traits (LS3.B), the task does not
assess student understanding of these DCIs.
CCCs. Students could not complete this task without attention to scale and quantity
[CCC-3] , including the use of standard units to measure length. The rubric in table 9.4
emphasizes student ability to recognize patterns [CCC-1] as they create their data
representations.
Resources:
Based on NRC 2014.

Constructing Explanations
Students use evidence and reasoning based on DCIs to explain phenomena.
Explanations are closely coupled with models [SEP-2] , and have some commonalities
with scientific arguments [SEP-7] . When students construct an explanation, they are
often reporting about a conceptual model—the phenomenon being explained can be
thought of as an overall system property and the interactions between components are
part of the reasoning. As such, one strategy for formatively assessing explanations is to ask
students to apply their conceptual models and report the results. Many of these questions
can be presented as multiple-choice items that call for high-order conceptual thinking,
often with distractors that probe for specific preconceptions. In a classroom, students can
use colored index cards, personal white boards, clickers, or smartphone-based apps to
simultaneously report their thinking. After they report their initial answer, students discuss
questions with small groups of peers and revote, if necessary. The technology students
use to submit their choices is unimportant (Lasry 2008), but the peer discussion is very
significant (Mazur 2009; McConnell et al. 2006). Students describe their thinking during
these “assessment conversations” with one another and later with the teacher (Duschl
and Gitomer 1997). These conversations often straddle the border between argument
[SEP-7] and explanation [SEP-6] because students must defend their positions to peers

and the teacher. In order to promote both these practices, questions must be higherorder conceptual questions that require discussion of conceptual models not simple recall.
The American Association for the Advancement of Science (AAAS) maintains a library of
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conceptual items for all sciences (http://www.cde.ca.gov/ci/sc/cf/ch9.asp#link3), and other
organizations maintain specific archives for physics (Harvard, Interactive Learning Toolkit,
http://www.cde.ca.gov/ci/sc/cf/ch9.asp#link4), Earth science (SERC, ConcepTests, http://
www.cde.ca.gov/ci/sc/cf/ch9.asp#link5), and chemistry (ACS, Chemistry ConcepTests,
http://www.cde.ca.gov/ci/sc/cf/ch9.asp#link6).
Note: these databases are intended for college-level instruction and age-appropriate
questions will need to be selected.

Assessment Snapshot 9.7: ConcepTests for Explaining
in Middle Grades and High School
Students in Mrs. M’s middle grades class did a hands-on investigation of
how sediment settles out from water to form layers (an example of process
or “function” determining structure [CCC-6] ). She eventually wants them
to be able to apply their model of layer formation to explain the extinction
of the dinosaurs using accepted evidence from rock layers (MS-ESS1-4). She projected
figure 9.14 onto the screen and told students, “We see this sequence of layers in the
Earth. Explain [SEP-6] how they got to look the way they did. What processes happened
and in what order? What’s your evidence? If you think you have it figured out, answer the
question about which layer is youngest.” This was the first time she had ever shown them
a problem like this. She had checked out a class set of iPads, and she asked students to
click their answers on a free iPad app so
Figure 9.14. Example ConcepTest
that she could see a graph of their different
responses updating in real-time. For this
Which layer is youngest?
item, only 20 percent of the students offered
the correct answer of F, with most students
F
choosing A. Mrs. M anticipated that students
A
might miss a key concept, and she had a
contingent activity planned to help them
understand a critical concept about layers that
B
D
cut across other layers. She felt that they were
ready to address the question and this time
C
one-third chose A and two-thirds F. Students
E
then paired up and discussed with the person
next to them. She circulated around the class,
Diagram by M. d’Alessio.
listening to conversations. She then asked
students to revote. Even though nearly 100 percent of the student responses were correct,
she called on specific students with some specific questions, “Maria, you explained the
whole geologic history to Lisa. Please repeat that briefly for us.” After Maria shared, Mrs. M
continued with another inquiry, “Bryan, I was listening in and heard that you changed your
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Assessment Snapshot 9.7: ConcepTests for Explaining
in Middle Grades and High School
thinking from A to F, and you had a really good reason that you told to Cliff. Please share
how your explanation of the sequence changed.” Mrs. M did not “score” any of these items
(including clicker responses), but she was implementing the assessment/instruction cycle
many times during this simple interaction. Mrs. M constantly assessed and gave feedback
to her students orally and adapted by delivering additional impromptu instruction or
planned contingency activities.
Mrs. M then provided additional information about the picture, indicating that layer C
dates from 65 million years ago, the age of the dinosaurs and that layer F is evidence of
a giant volcano nearby. She asked students to construct an argument [SEP-7] with their
answer to the question “Could layer F’s volcano be evidence of a volcanic eruption that
wiped out the dinosaurs?” After peer discussion, she had students write out a complete
argument in their science notebooks that she would score with a rubric.
Commentary:
SEPs. This cross section of layers is a phenomenon, and students must explain
[SEP-6] what caused this specific sequence. Students construct explanations in their
conversations with one another, which the teacher listens to. The multiple-choice
ConcepTest is primarily a frame that focuses these conversations, but it also provides
instant feedback about common misconceptions that lead to flawed explanations
(because the distractors in ConcepTests are specifically written or chosen to identify
common preconceptions).
DCIs. This specific ConcepTest assesses students’ ability to use rock strata to
interpret the geologic history of an area (ESS1.C). To explain the relative positions of
different layers, students must apply knowledge of geoscience processes including erosion
and deposition (ESS2.C), the cycling of matter during volcanic eruptions (ESS2.A), and
the motion of plates that causes rock layers to deform (ESS2.B).
CCCs. This specific ConcepTest assesses student understanding of the structure and
function relationship [CCC-6] in geologic layers. Students cannot explain the structure
without an understanding of the processes that cause these structures.
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Designing Solutions
The practice of designing solutions is closely related to other SEPs through the stages
of the engineering design process. The process of designing solutions [SEP-6] relies
on defining the problem [SEP-1] and conducting investigations [SEP-3] to test the
solutions. Designing solutions [SEP-6] also involves progressive iteration and refinement.
Much like assessment of writing sometimes assigns value to how much students improved
their writing from draft to draft, engineering design challenges can emphasize the iterative
improvement of designs.

Assessment Snapshot 9.8: Designing Solutions for
Middle Grades and High School
Mrs. N wanted her students to improve their iterative problem solving,
an important part of designing solutions [SEP-6] . Mrs. N introduced a
performance task during which students played the role of an engineer
brought into a remote village to figure out why the local water well had
stopped working. Mrs. N provided motivation for the task by asking, “Although we depend
on plumbers, electricians, and car mechanics to help us when our technologies breakdown,
we can be far more effective workers and citizens if we can fix at least some technologies
ourselves.” For this task, Mrs. N decided to assess designing solutions [SEP-6] separate
from DCIs, and she assumed that students had no prior knowledge of wells or hand
pumps. An online instruction manual for the pump was embedded into the task, so the
activity also assessed students’ ability to obtain information [SEP-8] . They used the
manual to learn about the parts of the pump and created a mental model [SEP-2] for
how the parts would interact (figure 9.15). Mrs. N emphasized that students would be
able to develop a richer model if they considered how the shape and structure of each
part related to its function [CCC-6] or how each part acted like a component interacting
with other parts as a system [CCC-4] . Students then performed investigations [SEP-3]
to gather evidence that helped them isolate the pump’s problems. The software gave
students choices about how to troubleshoot the well (which is essentially testing for
possible cause and effect relationships [CCC-2] ). Since the task was self-paced within
a computer, much of the feedback to students came directly from the software program
(automated formative assessment). When they chose a troubleshooting step that was
not necessary, the computer invited them to determine why their choice was not the best
one. Students ended the computer task by developing a plan for maintaining the well
that would prevent problems like this in the future. Mrs. N then had the students create
a poster that communicated [SEP-8] their maintenance plan to villagers who might not
speak English.
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Assessment Snapshot 9.8: Designing Solutions for
Middle Grades and High School
Figure 9.15. Sample Performance Task for Designing Solutions

Commentary:
SEPs. This published task is included because it illustrates how an interactive
computer simulation can be used to assess an engineering challenge. This particular
example emphasizes iterative problem solving, which is slightly different than iterative
design refinement that is part of designing solutions [SEP-6] .
DCIs. This task involves an engineering DCI (ETS1.C: Optimizing Design Solutions)
without coupling it to other content areas.
CCCs. Students must employ structure and function [CCC-6] , systems [CCC-4] ,
and cause and effect relationships [CCC-2] though this assessment has no explicit
measurement of student understanding of these concepts.
Resources:
Adapted from National Center for Education Statistics, U.S. Department of Education 2014.

Authentic engineering design has a built-in assessment: since every engineering
challenge has design constraints and criteria, teachers can assess student projects by
whether or not they meet the criteria. While authentic, this approach fails to provide
information about the developmental progression of skills. As students engage in
engineering, their conception of the engineering design process progresses (figure 9.16),
and they spend different amounts of time on each stage of the process (Atman et al. 2007).
One formative assessment strategy is therefore to have students reflect on the different
stages that they used during a design challenge.
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Figure 9.16. Developmental Progression of Conceptions of the Engineering Design Process

Student conceptions

Closer to reality

A

C

B

(re)Define
the Problem
Needfinding and
Benmarking

Test

Prototype

Brainstorm

Developmental progression
Student A conceives of the design process as a linear step while student B sees engineering as
an iterative process. Both students are undergraduate engineering majors. Plot C is a theoretical
illustration that more closely matches observations of practicing engineers. Source: Lande and Leifer
2010; Meinel and Leifer 2010.

As students work to iteratively improve their solutions, their testing and improvement
strategies become more productive. Novices have trouble changing only a single variable
during testing (Sadler, Coyle, and Schwartz 2000). Teachers can assess this ability by
having students construct storyboards showing the evolution of their designs (figure 9.17).
A teacher can provide formative feedback by asking students to reflect on their drawings.
Which change could they have done without? If they were to draw another frame, what test
would they perform next? These diagrams are a powerful way for students to communicate
[SEP-8] their solution design process.
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Figure 9.17. Example Storyboard Illustrating Iterative Improvement during a
Design Challenge

This diagram was produced by a pair of middle grades students making a solar shelter.
Source: Sadler, Coyle, and Schwartz 2000.

Engaging in Argument from Evidence
Arguments are the “currency” used to exchange ideas in the scientific community.
Over the course of their development, students learn how to formulate arguments that
have value to the scientific community and practice evaluating arguments from others
to determine if they have value and should be accepted. Arguments are, by definition,
designed for external evaluation and are therefore more directly assessable than the related
practice of interpreting data [SEP-4] (which can be entirely for private use to produce
internal mental models).
Arguments can be broken down into three main components: a claim, evidence
supporting the claim, and a chain of reasoning that links the evidence to the claim (figure
9.18; McNeill and Krajcik 2008).2 People internally base their thoughts and decisions
on evidence and prior knowledge about the way the world works, but they may not be
consciously aware of those pieces. The “Claim, Evidence, Reasoning” framework helps
students practice explicitly articulating what is initially automatic. Scientific communication
relies on these components being presented publically so that they can be evaluated.

2. Claim-Evidence-Reasoning can also apply to explanations [SEP-6] where the claim is a description of how the
phenomenon occurs.
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Figure 9.18. Graphic Organizer of a Claim, Evidence, Reasoning Framework for Arguments

Claim:

General principles about
the way the world works
that allow you to link the
evidence to the claim.
“What you know”

Start here
Actual observations
or measurements that
support the claim.
“What you see”

Reasoning

Your answer to the question.
“What you think”

Evidence:

Evidence:

Evidence:

Diagram by M. d’Alessio.

Scientists often evaluate arguments through the lens of crosscutting concepts: Do the
data provide enough evidence to characterize a consistent pattern [CCC-1] ? Does the
argument have sufficient evidence to justify a cause and effect relationship [CCC-2] , or
is the pattern just a simple correlation? Are some processes happening at a different scale
[CCC-3] that the argument does not consider? Was the boundary of the system [CCC-4]

chosen properly to encompass all the important interactions? Does the argument account
for all the changes [CCC-7] with an appropriate flow of energy or matter [CCC-5] ? While
scientists usually have discipline-specific ways of talking about them, the CCCs are essentially
a generic checklist for evaluating the validity of an argument. Assessing students’ abilities to
construct or evaluate arguments can therefore draw on their understanding of the CCCs.
McNeill and Krajcik (2008) suggest that the parts of a claim must be accurate,
appropriate, and sufficient. Figure 9.18 has two columns on the right side for a checklist
to remind students of these features, though it combines the ideas of appropriate and
sufficient into a single concept of complete. Table 9.5 illustrates one example of how these
concepts can be evaluated for the three components of an argument. When teachers assess
arguments, they often uncover student preconceptions that they can address through
instruction. Deeply held student preconceptions are often at the root of inaccurate parts of
an argument. Preconceptions can cloud perception so that students see evidence that isn’t
there (e.g., students claim that ice cubes will melt faster in saltwater than in freshwater
and “see” evidence to support that claim early in an experiment comparing the two while
an objective observer cannot yet tell the difference in the melt rate). Similarly, students can
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use accurate evidence to support a misconception by generating faulty reasoning (e.g., a
student claims that cats can see in the dark and has evidence that the cat’s eyes appear to
glow sometimes at night. The student wants to create a bridge from this evidence to the
misconception and creates faulty reasoning that organisms see by producing light from their
eyes). Asking students to explicitly spell out their evidence and reasoning exposes student
beliefs to both teachers and students. According to conceptual change theory, students
themselves need to be aware of their beliefs before they can modify them, and they won’t
change these ideas until they encounter new ideas that directly challenge them. Teachers,
however, can design experiences that give students new evidence that specifically conflicts
with those beliefs. When students have time to reflect on the conflict between an explicitly
stated belief and new information, they are more likely to abandon a misconception.
Formatively assessing arguments helps facilitate this process.
Table 9.5. Rubric for Scientific Arguments
blank

3

2

Claim
(1 pt only)

1
Claim is scientifically
correct and complete.

Evidence

Appropriate and
sufficient evidence is
provided to support
claim.

Appropriate but
insufficient evidence
is provided to support
claim, or some
inappropriate evidence
is also included.

No evidence is
provided, or only
inappropriate
evidence (evidence
that does not support
claim) is provided.

Reasoning
(completeness)

All of the ideas
necessary to link
the evidence to the
claim are included,
and there are no
“extra” ideas that are
irrelevant to the claim.

Some attempt is made
to relate evidence to
underlying principles,
but there are missing
pieces or additional
irrelevant pieces.

Reasoning is not
provided, or only
reasoning that does
not link evidence to
claim is provided.

Reasoning
(accuracy)

The evidence is
tied to the claim by
established scientific
principles, and there
are no “extra” ideas
that are incorrect.

The evidence is
tied to the claim by
established scientific
principles, but there
are also “extra” ideas
that are incorrect.

The links between
the evidence and the
claim are based on
incorrect ideas.

Reasoning receives the most weight in this rubric while the claim only receives one point out of ten.
The rubric could be simplified for early elementary grades where selecting appropriate evidence is
highlighted rather than reasoning. Source: Adapted from McNeill and Krajcik 2012.
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Assessment Snapshot 9.9: Engaging in Argument during
Science Talk for Elementary Students
Students in Mr. V’s first-grade class observed their shadow several times over
the course of the day and also constructed a map of their schoolyard as part
of their social studies work (CA History–Social Studies Content Standards
1.2.3). Then Mr. V presented students with a scenario: “The principal asked
our class to find a good place on our schoolyard for a plant that needs sunlight in the
morning and shade in the afternoon.” Students examined their maps individually and came
up with three ideas of where the plant could go and then discussed their proposals with a
partner. Mr. V then gathered students around the classroom so that they could all face one
another in a circle for a Science Talk session where they would come to a consensus as
a class about the best location. Students would use their DCI knowledge about shadows
and patterns [CCC-1] of the Sun’s movement (ESS1.A, ESS1.B) and construct arguments
using evidence [SEP-7] that support specific design solutions [SEP-6] . Mr. V had
prepared for the Science Talk by reviewing the expectations about the practice of
argumentation in this grade span (CA Science Framework appendix 3) and then by making
a list of key concepts that he hoped students would mention. Once students were quiet,
Mr. V referred to a poster on the wall that showed the classroom norms for Science Talks.
He read the key question and a sentence frame he had written on the board: “The plant
should go _____. I think this because _____.” He then invited students to share their ideas.
During the discussion, Mr. V encouraged students to talk to one another and not to him. He
tried to speak as little as possible, intervening only to reinforce classroom norms and help
maintain the focus. He also discretely kept track of student contributions by taking notes
on a simple checklist that provided him with evidence of student mastery of the DCI and
effective implementation of the practice. At the end of the session, he spent five minutes
reflecting on patterns in what students said. On the back of his paper, he jotted down a
few ideas about what he would do during their next session to clarify problems.
(For more implementation about promoting discourse, see the “Instructional Strategies”
chapter.)
Commentary:
SEPs. Students engaged in argument [SEP-7] during which peers presented competing
arguments. Mr. V assessed the quality of the argument as he took notes in his checklist.
DCIs. Students had to integrate their knowledge of the systematic pattern of the Sun’s
movement across the sky during the course of a day (ESS1.A) and how certain objects
cast shadows (PS4.B). Mr. V recorded student mastery of the DCIs in his checklist and
noted common misconceptions during his reflection at the end of the session.
CCCs. Mr. V needed to be particularly attentive to how students were thinking
about patterns [CCC-1] and stability and change [CCC-7] as he listened. Did students
recognize that the Sun’s position changed throughout the day, but that it repeated a
consistent pattern from one day to the next?
Activity provided by Oakland Unified School District.
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Obtaining, Evaluating, and Communicating Information
Obtaining information, evaluating it, and communicating it are all based on related
competencies, but the specific behaviors are very different and need to be assessed
differently. In elementary and middle grades, the PEs that define the standards in the
CA NGSS focus on obtaining and evaluating information, but generating communications
products should be assessed in combination with the other practices in all grade bands.
There is strong overlap between evaluating information [SEP-8] and evaluating
arguments [SEP-7] , but to assess evaluating information [SEP-8] , teachers might

include components of media literacy such as the ability to distinguish credible sources
from less credible ones. Assessments of communicating information [SEP-8] may
emphasize criteria about the mechanics of written, oral, and visual communication but
should be assessed in parallel with other practices such as scientific explanations
[SEP-6] and arguments [SEP-7] . DCIs and CCCs can be assessed simultaneously

with communication [SEP-8] by examining the content of the communications product.
Communication occurs in a range of media and modalities (including written text in both
print and digital, oral communication, items that communicate visually such as drawings and
graphs, and rich multimedia products). When the CA NGSS PEs incorporate communications
[SEP-8] , they rarely specify the media in which competency must be demonstrated or that

the assessment must occur. The modalities teachers choose should be consistent with the
vision of NGSS that students “engage in public discussions on science-related issues” and “be
critical consumers of scientific information related to their everyday lives” (NRC 2012, 9). As
such, teachers should assess using a range of modalities that go beyond classroom reading
and writing and reflect the nature of twenty-first century communications such as panel
discussions and debates, infographics, Web sites, social media, videos, etc.
While many of the ELA/ELD strategies for assessing communication skills apply to science, the
NRC Framework (NRC 2012) identifies several ways in which science communication is unique:
•

Science and engineering communications are “multimodal” (they use an
interconnected mix of words, diagrams, graphs, and mathematics). Teachers can
assess how well students can relate these modalities by presenting students with
a piece of information in one mode and asking them to produce complementary
information in another. For example, students can be given a diagram and asked to
write a text caption or select the most appropriate caption from a few examples. The
Achieve (2015) evidence statements for high school suggest that a communication
product does not demonstrate mastery of communication [SEP-8] unless it uses at
least two modalities.
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•

Science and engineering frequently use unfamiliar and specialized words (jargon). The
NRC (2000, 133) and American Association for the Advancement of Science (1993, 312)
strongly discourage the overemphasis on jargon and vocabulary in science education.
Assessments that focus on the one-dimensional understanding of vocabulary terms
are not consistent with the goals of the CA NGSS. Students should be able to use and
apply age-appropriate scientific vocabulary, but the assessment should usually be in the
context of applications to other SEPs. If teachers specifically want to assess vocabulary,
they can do so by having students rewrite a passage by eliminating scientific vocabulary
and replacing it with everyday language (or to do the reverse).

•

In science and engineering, the details matter. Students therefore need to pay
constant attention to every word when obtaining scientific or engineering information.
The process is sometimes complicated by a mismatch between the level of importance
an idea has within the grammatical structure of a sentence and its importance for
the scientific meaning of a sentence. For example, short introductory phrases and
prepositions can have a dramatic impact on the scientific meaning of a sentence (e.g.,
“assuming a frictionless surface”). Students must learn to read differently in order to
notice all these pieces (CA CCSSM MP.6, CA CCSS for ELA/Literacy RI.3.4).
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Assessment Snapshot 9.10: Communicating Information
for Middle Grades and High School
In the grade eight vignette 5.4, “Student Capstone Projects” in chapter 5,
Ms. S organized a student capstone project in which students documented
human impacts on Earth’s systems. The project was very rich, so Ms. S
needed an assessment strategy that would allow students to organize and
present all their ideas. She decided to give students the experience of designing a Web
site about their problem. It allowed them to mix a wide variety of modalities including text
and graphs, and even animations. Students had to identify a specific purpose and target
audience for their communication product. For example, the group studying a nearby
stream decided that their target audience would be residents of the neighborhood around
the school. The team studying the school’s energy consumption designed their site for
the members of the student council. The students studying the possibility of deflecting an
asteroid approaching the planet had seen a popular movie where the president ignored a
scientist’s claims about an oncoming asteroid until it was too late. They wanted to make
their Web site useful to members of congress considering funding a new technology
to protect the planet. After consulting the evidence statements for MS-ESS3-4, Ms. S
integrated task-specific criteria into a generic rubric for project-based Web sites (table
9.6). This one rubric served multiple purposes. The first two criteria were primarily for her
classroom assessment to make sure that students had mastered key elements of the CCCs
and DCIs. The intended purpose for the majority of the rubric scales was to provide her
students specific feedback about Web site design, a skill that they are likely to use beyond
this capstone project at the end of eighth grade.
Table 9.6. Rubric for a Web site
Criterion

Beginning

Developing

Emerging

Mastering

Cause
and effect
relationship
[ESS2.A,
ESS3.C]
[CCC-2]
[CCC-4]
CA CCSS for
ELA/Literacy
RI.3

Site describes
the general
functioning of
Earth’s systems
but does not
identify a
clear cause
and effect
relationship
related
to human
activities.

Site accurately
describes
the relevant
components
of the Earth’s
systems and how
they interact.
However, it
describes a cause
and an effect but
fails to link them
with coherent
reasoning about
interactions in the
Earth’s systems.

Site accurately
describes
the relevant
components
of the Earth’s
systems and how
they interact. It
links a specific
cause to a
specific effect
through coherent
reasoning about
interactions
in the Earth’s
systems.

Site accurately
describes the
relevant components
of the Earth’s
systems and how
they interact. It
describes how
specific human
technologies cause
changes to those
systems and how
technology can be
used to mitigate,
minimize, or reverse
those changes.
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Assessment Snapshot 9.10: Communicating Information
for Middle Grades and High School
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Evidence and
Interpretation
[CCC-2]
[SEP-4]
[SEP-7]
[SEP-8]
CA CCSS for
ELA/Literacy
RI.1

Neither data
nor evidence
are presented,
the data are
not reliable,
or the data
do not relate
to the cause
and effect
relationship.

Accurate data
and evidence
are presented.
The relationship
between the
data and the
cause and effect
relationship is not
well defined.

Accurate data
and evidence
are presented
and text explains
how data are
related to the
cause and effect
relationship.

Accurate data
and evidence are
clearly presented,
and text precisely
and concisely
explains how data
are related to the
cause and effect
relationship. Data
are sufficient to
establish that
there is a causal
relationship and not
just a correlation.
Text argues
against alternative
interpretations of
the data.

Target and
Purpose
[SEP-8]

Site lacks
a sense of
purpose. No
indication that
the site was
created for a
target audience
other than
teacher-asgrader.

Purpose may
be somewhat
unclear. Target
audience is
identified, and
some choices are
appropriate for
this audience.

Site has a clear
purpose. Major
elements of
the site are
appropriate
for the target
audience.

Very strong
understanding of
the target audience.
All elements of the
site are engaging
and appropriate for
this audience.

Language
and
Conventions
[SEP-8]

Errors in
grammar
and usage
interfere with
meaning. Many
punctuation
and spelling
errors. Writing
style is not
effective for
the purpose.
Site requires
extensive
editing.

Errors in grammar
and usage are
noticeable but
do not interfere
with meaning.
Writing style is
appropriate for
the purpose.

Few errors
in grammar,
usage, spelling,
or punctuation
are found. The
text shows clear
evidence of
careful editing.
Writing style is
interesting and
effective.

Site has been fully
edited to be free of
errors in grammar,
usage, and
mechanics. Writing
style is deeply
engaging.
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Assessment Snapshot 9.10: Communicating Information
for Middle Grades and High School
Organization
and Layout
of Web Pages
[SEP-8]

Layout and
organization
of pages is
confusing,
cluttered,
or dull.
Organization
does not
reflect ideas
and content
and seems
arbitrary.

Page layout
may be busy or
unimaginative.
It does not show
thoughtful use
of a template.
Organization
of pages does
not obscure the
content.

Page layout is
interesting and
appropriate for
content. Layout
and organization
are appropriate
for the content.

Page layout is
creative and
effective. Layout
and organization
helps provide
structure to the
ideas and content.

Credit and
Sources
[CCC-NoS]
[SEP-8]

No reference
is made
to original
sources.
Information is
copied without
permission.

Sources of
information are
acknowledged.
Most permissions
have been
secured.

Sources of
information
are credited
in standard
formats. All
permissions are
secured.

Sources of
information
are credited in
standard formats.
All permissions
are secured and
organized for future
reference.

Source: Adapted from Galileo Educational Network n.d.
Commentary:
This is a rich assessment of a capstone project for all of middle grades where the task
requires students to integrate all three dimensions of the CA NGSS. In the evaluation of the
task, some rubric criteria are one dimensional (especially those that focus on the mechanics
of communication [SEP-8] ), and some emphasize the integration of two dimensions at a
time. Each criterion indicates the elements being assessed in the left column.
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Conclusion
Assessments provide information to students about how well they are performing; to
teachers about how well their students are learning and if modification to the instruction is
necessary; to parents about their child’s achievements; to districts about the effectiveness
of instructional programs; and to policymakers about the effects of their policies. No
single assessment can serve all these needs; an assessment system is needed to inform
all stakeholders. The intent is to allow everyone within the educational system to make
informed decisions regarding improved student learning, teacher development, instructional
program modifications, and changes in policy (Popham 2000). The CA NGSS significantly
alter the way science is taught in schools by making science education, grades K–12,
resemble the way scientists work and think. Assessment must align with this vision,
measuring not only what students know (DCIs), but how well they can generate new
knowledge (SEPs), how well their knowledge relates to other understandings (CCCs), and
how well they can combine these three dimensions together to understand phenomena and
solve problems.
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California’s Diversity

C

alifornia’s children and youth bring to school a wide variety of skills
and abilities, interests and experiences, and cultural and linguistic
resources from their homes and communities. The greater the

diversity in classrooms and schools, the richer the learning experiences for
all, and the more assets upon which teachers may draw for science and
engineering learning. At the same time, however, the teacher’s role becomes
more complex in providing high-quality curriculum and instruction that is
sensitive to the needs of individual students and leverages their particular
assets. In such complex settings, the notion of shared responsibility is
critical. Teachers, administrators, specialists, expanded-learning leaders,
families, and the broader school community need the support of one another
in order to best serve all students.
The California Next Generation Science Standards (CA NGSS) call for
science teachers to provide all students access to a rich and engaging
curriculum that is appropriately challenging. Responding to this call requires
that educators share the responsibility of ensuring equity for several
populations of learners who are particularly vulnerable to academic inequities
in science and engineering (see Equity and the NGSS below). With over 60
languages other than English spoken by California’s students, there is a rich
tapestry of cultural, ethnic, and religious heritages students enjoy, and a
range of skill acquisition, physical abilities, and circumstances that impact
students’ lives and learning. Highlighted here are some groups of students
for whom it is important to acknowledge and value the resources and
perspectives that they bring to school, as well as the specific learning needs
that must be addressed in classrooms, so that students who are members
of these groups can achieve their full potential in science and engineering.
These groups are identified so that schools and districts make critical systems
shifts to ensure educational access and equity for all students.
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Equity and the CA NGSS: A Shared Responsibility
Educational equity is a shared responsibility, and collaboration is essential for achieving
it. Teachers are at their best when they collaborate with their teaching colleagues to plan
science, technology, engineering, and mathematics (STEM) instruction; analyze student
work; discuss student progress; integrate new learning into their existing practice;
refine lessons; and identify alternative approaches when students experience, or need,
additional challenges. Students are at their best when teachers enlist the collaboration
of parents, families, and communities as partners in education. Schools are at their best
when all educators in the school community are supported by school and district leaders
to implement the type of instruction called for by the CA NGSS. Districts are at their
best when teachers, specialists, and leaders across the district engage in an expanded
professional learning community they can rely upon as thoughtful partners and for tangible
instructional resources.

The following groups of students are discussed in this chapter:
•

Standard English learners

•

English learners

•

Ethnically diverse learners

•

Students living in poverty

•

Foster youth

•

Girls and young women (gender equity)

•

Advanced learners and gifted learners

•

Students with disabilities

•

Students experiencing difficulties with literacy in science and engineering

For an expanded discussion on California’s diverse student population, including lesbian,
gay, bisexual, and transgender students; biliterate students; and students who are deaf, see
California’s English Language Arts/English Language Development Framework (CDE 2014a).
Though presented separately, these populations are not mutually exclusive; many
students are members of multiple groups. Furthermore, it is important that, while teachers
inform themselves about particular aspects of their students’ backgrounds, they should
remember that each population is a heterogeneous group. Therefore, teachers should take
steps to know their students as individuals.
A major goal of this CA Science Framework is to help alleviate the inequities that have
prevented a large number of California’s children and youth from excelling in science and
engineering. Throughout this framework, guidance is provided to help schools and districts
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implement intellectually rich, relevant, and engaging science and engineering programs,
courses, and pedagogy to ensure that classrooms are supportive, inclusive, and inspiring
for all students. The vision of the CA NGSS is “all standards, all students.” Science and
engineering education should be designed and taught in such a manner that every student,
regardless of background or learning characteristics, has access to and benefits from deep
and engaging science and engineering learning opportunities. Appendix K of the CA NGSS
discusses the equity-oriented stance taken when developing these standards and presents
a set of classroom vignettes from work undertaken by teacher members of the NGSS Equity
team to demonstrate how these standards can be used to provide learning opportunities for
a wide diversity of students.
This chapter addresses particular steps that educators can take to ensure students’ full
access to the CA NGSS and provide a strong focus on equity in the science and engineering
curriculum, instruction, and programs so that all California students can achieve their full
potential. The chapter begins by recognizing who California’s students are, including their
many layers of diversity, and then offers guidance on designing and implementing science
and engineering curriculum and instruction that is responsive to this diversity.
California enjoys one of the most diverse student populations in the nation. This rich
diversity offers an invaluable resource for creativity, innovation, and global leadership in
science and engineering. At the same time, diverse student populations present challenges
as teachers seek to ensure that each of their students
•

develops the knowledge, conceptual understandings, and habits of mind to engage in
the study of science and engineering;

•

becomes a science-literate member of society;

•

develops the interest and ability to engage in further learning about these subjects as
life-long learners; and

•

considers careers that require these abilities.

All students are capable of understanding and fully engaging in science and engineering,
and it is critical for all schools to ensure that every student has full access to appropriate
and equitable learning opportunities to accomplish this goal. It is important to acknowledge
persistent inequities in enrollment, retention, and achievement in high-quality science and
engineering programs.
There is growing evidence that the intentional integration of art and design with STEM
disciplines, or science, technology, engineering, arts, and mathematics (STEAM), develops
students’ motor, decision-making, and problem-solving skills. Connecting STEM instruction
2016 California Science Framework
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to the arts and design can spark creativity for teachers and students alike. Teachers can
meaningfully and authentically integrate arts standards in STEM lessons and projects where
the standards most naturally align (Riley 2013; Jolly 2014). Embracing the principles of art
and design can also serve students as they tackle engineering challenges, develop creative
solutions, and express what they are learning in engaging, innovative ways. The diverse
populations of learners who may be particularly vulnerable to academic inequities in science
and engineering stand to benefit from engagement in the arts. Building in opportunities
in STEM classes to develop and use the principles, skills, and ingenuity of the arts can
“serve as an on-ramp for STEM success for underrepresented students. Engaging students’
strengths using art activities increases motivation and the probability of STEM success” by
“offering more diverse learning opportunities and greater access to STEM for all types of
learners” (Jolly 2014).
A study by the National Endowment for the Arts (2012) states that socially and economically
disadvantaged children and teenagers who actively engaged in the arts were more likely to
participate and succeed in school, graduate from high school, and enroll in college.
Americans for the Arts compiles data that shows that children and youth participating
regularly in the arts, regardless of their socioeconomic status, develop skills that transfer
to other content areas; they also tend to have improved academic performance and lower
drop-out rates (access Americans for the Arts research reports at http://www.cde.ca.gov/ci/
sc/cf/ch10.asp#link1).
These inequities particularly affect students of color, students with disabilities, girls and
young women, English learners (ELs), foster youth, and students living in poverty. Among
this population, some students have limited access to science instructional time, wellprepared science and engineering teachers, high-quality science and engineering curriculum
and programs, effective science and engineering instruction, space and resources for
engagement in science and engineering practices with real materials, and other educational
resources. Other students receive implicit and explicit messages in school that prompt them
to be less inclined to engage in science and engineering than other groups of students.
Still others may experience a low level of acceptance and safety in schools because of their
cultural, ethnic, and linguistic background; disability; sexual orientation; socio-economic
status; or other reasons. The following are some critical actions for ensuring equity in
science and engineering.
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Ensuring Equity in Science and Engineering:
Critical Actions
Maintain Appropriate Programs and Physical Resources
• Maintain high-quality, discipline-relevant, and up-to-date instructional materials.
• Maintain appropriate equipment, including up-to-date and relevant science lab
and engineering equipment and technology resources, including computers and
appropriate hardware.
• Maintain safe and appropriately designed facilities,1 including suitable spaces for CA
NGSS-based science and engineering tasks and uncrowded classrooms.
• Ensure all students have access to CA NGSS-aligned science and engineering programs
and courses taught by highly skilled teachers licensed in their subject area.

Implement Equity-Focused Practices
• Collaborate within and across disciplines and specialized areas (including STEM and
other content areas, English language development (ELD) teachers, special education
specialists, and education support professionals).
• Know each student’s learning strengths and needs, and design instruction accordingly.
• Infuse pedagogy with techniques that inspire students, including engaging projects and
hands-on experiences.
• Encourage and support discussion (student-student, teacher-student) about science and
engineering topics where all voices are included.
• Integrate a focus on disciplinary literacy and language development in the service of
science and engineering learning.

Establish Positive, Bias-Free Learning Environments
• Recognize and address biases and inequities and support students to do the same.
• Create and sustain “growth mindset” learning environments that support students’ positive
attitudes toward, persistence in, and self-efficacy in science and engineering courses.
• Integrate culturally and linguistically responsive pedagogy and promote an “additive
stance” toward diversity.
• Initiate respectful and positive teacher-to-student interactions, and inspire students to
see themselves as scientists and engineers,
• Initiate respectful interactions with students’ parents and guardians, and encourage
families to support their children as successful scientists and engineers.

1. For detailed information, see the Science Safety Handbook for California Public Schools, 2014 Edition (http://www.cde.ca.gov/
ci/sc/cf/ch10.asp#link2).
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Inequities in science and engineering, and related and interacting inequalities in access
to advanced mathematics, have severely undermined the ability of two particular groups of
students—students living in poverty and students of color—to pursue STEM careers.

Promote STEM Equity for Students
Living in Poverty and Students of Color
“California’s population is highly diverse, yet it is known that students living in
poor urban or rural areas and many students from underrepresented groups lack
access to high-quality STEM education. This has resulted in lack of proficiency that
disproportionately impacts students of color.
The state has not closed the persistent achievement gap among racial and ethnic
groups in math and science. . . . On the grade eight NAEP science assessment, only 22
percent of California students tested proficient or above, and 47 percent tested below
basic in science. In 2011, 39 percent of white eighth-graders reached the proficiency level
in science while only 8 percent of African American students and 11 percent of Hispanic
students reached that level (National Assessment of Educational Progress [NAEP] 2013).
One consequence of California’s lack of access to STEM education for all students is
that the STEM workforce does not reflect the demographics of the state. This is also true
at the national level; minorities continue to be underrepresented in STEM occupations
relative to their position in the labor market as a whole.”
Source: California Department of Education (CDE) 2014b.

Standard English Learners
Standard English learners (SELs) are native speakers of English who are ethnic minority
students (e.g., African American, American Indian,2 Southeast Asian American, Mexican
American, Native Pacific Islander) and whose mastery of the standard English (SE) language
and academic use of English, which is typically given higher status in schools, is limited;
this limitation may occur because they use an ethnic-specific nonstandard dialect of English
in their homes and communities and in communities where SE or academic English are
used in limited ways3 (LeMoine 1999; Okoye-Johnson 2011).4 The term standard English is
used to identify one variety of English among many. The American Heritage Dictionary of
the English Language defines standard English as “[t]he variety of English that is generally
2. Other terms used include Native American and First Nations. The recommended approach is to refer to the tribe if that
information is known.
3. Some researchers have also identified as SELs students who are not ethnic minorities but who experience intergenerational
poverty and therefore have not had opportunities to develop SE in their home and community environments.
4. An alternate definition of SELs are “those students for whom Standard English is not native and whose home language differs
in structure and form from Standard and academic English” (LAUSD English Learner Master Plan 2012).
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acknowledged as the model for the speech and writing of educated speakers, especially
when contrasted with speech varieties that are limited to or characteristic of a certain region
or social group.” The term educated should be used to describe a person who has gone
through advanced levels of education—where knowledge is developed through reading and
writing academic texts, engaging in discussions about academic content, and participating
in academic tasks—and not equated with intelligent. Also note that there is no universal
definition for SE, as it is “highly elastic and variable” with “inconvenient ambiguities that are
inherent in the term” (The American Heritage Dictionary of the English Language).
Teachers can support their students in understanding that the way English is used
varies depending on audience, topic, content, mode of communication, and purpose for
communicating (e.g., to argue, explain, or describe). The way students use everyday
language and home dialects interacting with their families or engaging in science inquiry
tasks with their peers is different from the type of language expected in certain academic
tasks, such as engaging in a formal classroom debate about the use of animals in science
experiments or writing an argument about the effects of climate change. Students may
experience challenges achieving in science and engineering learning experiences if they are
unaware of the different expectations for language use in different situations and do not
have the opportunity to learn the language of science and engineering.
Indeed, developing facility with the language used in science and engineering is likely
a challenge for all students. This disciplinary science and engineering language includes
specialized vocabulary, including domain-specific vocabulary (e.g., mitosis, atom), general
academic vocabulary (e.g., significance, verify), and familiar words that take on new
meaning in science (e.g., volume, matter, theory). It also includes particular ways of
structuring phrases, sentences, and larger bodies of text that are specific to the disciplines
of science and engineering; these are unlikely to be familiar to children and youth from any
home background. All students need multiple and varied opportunities to learn and use, in
meaningful ways, the specialized language of science; this attention to language supports
students’ conceptual understandings and their ability to engage in deeper inquiry in science
and engineering. In addition, students need explicit instruction in the norms of how to
interact in extended academic discussions. These ways of interacting include initiating
or entering a conversation, building on the ideas of others, respectfully disagreeing, and
questioning assertions. All of these tasks that are integral to deeper science and engineering
learning are language—and literacy—intensive. To achieve equity and access in science
learning environments, teachers need to find ways of supporting SELs (along with all other
students) to develop this specialized language and understand how and when to use it
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appropriately. This includes drawing all students’ attention to the language of science and
engineering and strategically structuring opportunities for students to develop proficiency
with disciplinary literacy. (For more on disciplinary literacy, see chapter 11 on instructional
strategies in this framework.)
For all students to engage in science and engineering practices, teachers should also
establish classroom norms for inclusive discourse and student contributions. The language
students use when engaged in conversations about science and engineering should be
accepted—and, indeed, encouraged—for the ideas that students bring, regardless of the
style of English in which these ideas are articulated. The purpose of facilitating students’
engagement in science and engineering discourse is not to correct the student’s language
or compel students to use particular words or phrases, but to develop and enrich student
language through its purposeful use in intellectually rich and meaningful experiences.
With this focus on meaning and on language as a meaning-making resource, all students
are supported to develop the ability to discuss science. As students espouse the academic
language of science, they will increasingly make informed decisions about the language they
encounter when they read or employ in their discussions, presentations, and writing. The
goal is to support all students to develop new ways of using language and to understand
how to make intentional language choices so that they are able to flexibly shift register5 to
meet the language expectations of a variety of science and engineering tasks.
The next section focuses specifically on two of many dialects of English used by SELs
(and also by proficient users of SE as a sign of solidarity with their community): African
American English (AAE) and Chicana/Chicano English (CE). Although AAE and CE speakers
are highlighted here, recommendations for how teachers should perceive language diversity
and approach the learning of SE and the disciplinary language of science apply to all groups
of SELs. (See also the section on culturally and linguistically relevant teaching elsewhere in
this chapter.)

African American English Speakers
African American English (AAE)—also termed African American Vernacular English,
African American language, Black English Vernacular, Black Language, Black Dialect, or
U.S. Ebonics (Chisholm and Godley 2011; Perry and Delpit 1998)—may be spoken by SELs
and by proficient SE speakers alike, who may choose to use AAE as a sign of affiliation and
solidarity with their community and/or family. African American English speakers who are
5. Register refers to the ways in which grammatical and lexical resources are combined to meet the expectations of the
context (i.e., the content area, topic, audience, and mode in which the message is conveyed). See figure 2.14 in the ELA/ELD
Framework for more information on register.

1374

Chapter 10

2016 California Science Framework

Access and Equity
able to code-switch (shift between different languages or varieties of English) can flexibly
shift the variety of English they use, adjusting it to the expectations of particular discourse
communities such as work, school, family, and peers.
African American English has inaccurately been perceived by some teachers as
ungrammatical or illogical, which has led some teachers to view their students who use
AAE as less capable than SE speakers (Chisholm and Godley 2011). These assumptions,
often made unconsciously, are unfounded and, if left unexamined and unchecked, create
negative learning environments for African American children and youth (Flemister-White
2009). Like all other natural linguistic systems, AAE is governed by consistent linguistic rules
and has evolved based on historical and cultural factors. AAE is fully capable of serving all
of the intellectual and social needs of its speakers (Trumbull and Pacheco 2005). Instead of
viewing AAE as subordinate or inferior to SE, a more accurate perspective and productive
approach would be to view AAE as a cultural and linguistic resource, and like all cultural and
linguistic resources, AAE should be seen as an asset to be valued in its own right, leveraged
for further learning, and a foundation for adding new language resources, including the
disciplinary language of science.

Chicana/Chicano English Speakers
Some Mexican Americans and other Latinas/Latinos who live in predominantly bilingual
social settings may speak Chicana/Chicano English (CE). Chicana/Chicano English has
been described as a nonstandard variety of English, influenced by contact with Spanish,
and spoken as a native dialect of English (Fought 2003). In many ways, CE represents the
linguistic history of Mexican American and other Latina/Latino people as the dialect emerges
from the linguistic setting where there is contact between Spanish and English. Languages
naturally change as they come in contact with one another over a long period of time.
Chicana/Chicano English is not simply English influenced by Spanish or English with an
accent, as it is often mistakenly thought to be. In addition, CE is sometimes erroneously
considered to be ungrammatical. As is the case with AAE, CE is an independent, systematic,
and rule-governed language variety (or dialect of English) that bilingual and/or bi-dialectal
people may deliberately choose to use as a sign of solidarity with their community and/or as
an active marker of their identity.
Some CE speakers may have a high level of language proficiency in Spanish, depending
on their family and life history. However, many CE speakers in California are monolingual
English speakers, and CE may be the first and only variety of English they are exposed to in
childhood. In the case of bilingual speakers of CE, some of these speakers may have limited
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proficiency in Spanish and are English-dominant. They may be able to understand some
spoken Spanish, and they may also have some Spanish language skills such as commands,
certain vocabulary terms (especially taboo terms), and basic social Spanish (Fought 2003).
The framing of nonstandard dialects of English as cultural and linguistic assets positions
traditionally nondominant language speaking students as learners who are fully capable
of participating in and benefiting from an intellectually rich science curriculum. This
perspective—one that both acknowledges all of the cultural and linguistic contexts in which
students learn and live and seeks to understand the relationship between language, culture,
identity, and learning—promotes positive relationships and improves educational outcomes.
There are many other examples of nonstandard varieties of English (e.g., New York Latino
English, Hawaiian Creole English) and regional dialects of English (e.g., Southern English),
that are not elaborated upon in this section.
Because so much STEM learning occurs through oral and written discourse (including
discussions, presentations, and many different types of writing), these understandings about
language diversity, including nuanced understandings of dialect differences, are critical for
STEM teachers to develop. Classrooms should be spaces where students can use both the
language they bring from their homes and communities and also develop new ways of using
the more specialized language of STEM fields.

English Learners
Students who are learning English as an additional language come to California schools
with a range of cultural and linguistic backgrounds, proficiencies in English, and experiences
with formal schooling and content learning (both formal and informal). Many ELs in
California were born in the U.S. and have only experienced schooling in English. Other
ELs enter the U.S. in late elementary through high school and may have strong academic
backgrounds, be on par with their native-English speaking peers in terms of content
knowledge, and have studied English in their home countries before emigrating. Other ELs
have had disrupted educational experiences due to a variety of reasons, including war,
persistent violence, or famine in their home countries or because severe poverty, cultural
norms, or political factors prevented them from attending school.
However, along with their linguistic background, ELs come to the classroom with rich
life experiences. They use their experiences to create personal explanations about how
the natural world operates. Therefore, although a student may not possess the language
to express these ideas, all students have a wealth of scientific ideas and explanations to
contribute to discussions and learning tasks.
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All of these factors inform how
educators should design and implement
science and engineering instruction so
that ELs achieve success. All teachers

Language Survey and who, on the basis

intellectually rich and comprehensive

of the state approved oral language

science and engineering curriculum

(grades kindergarten through grade

and that all EL students make steady
progress in both their academic content

scaffolding from their teachers and
appropriately designed programs,
ELs at all levels of English language
proficiency are able to engage in

as those students for whom there is a
English on the state-approved Home

EL students have full access to an

development. With appropriate

California Department of Education (CDE)
report of a primary language other than

are responsible for ensuring that their

learning and their English language

English learners are defined by the

twelve) assessment procedures and
literacy (grades three through twelve only),
have been determined to lack the clearly
defined English language skills of listening
comprehension, speaking, reading, and
writing necessary to succeed in the school’s
regular instructional programs. (CDE 2016)

intellectually challenging, content- and language-rich instruction so that they can develop
the advanced levels of English and content knowledge necessary for college and career
readiness and meaningful engagement with civic life.
The needs of ELs are best met when English language and content areas are addressed
in concert (Lee and Luykx 2005). This is why all science teachers of ELs should use the
California English Language Development Standards (CA ELD Standards), in tandem
with the CA NGSS and the CA CCSS for ELA/Literacy, to fully include ELs in science and
engineering instruction. Assembly Bill 899 (October 2013) required the CA ELD Standards
be comparable in rigor and specificity to the California Common Core State Standards for
Mathematics (CA CCSSM) and the CA NGSS. To meet the requirements of the legislation, the
CDE, in collaboration with WestEd and a panel of experts, created a document, Integrating
the CA ELD Standards into K–12 Mathematics and Science Teaching and Learning (Lagunoff
et al. 2015). The supplementary resource provides illustrative examples of the tandem
implementation of the CA ELD Standards with the CA NGSS and CA CCSSM.
This integrated approach, in which science teachers provide ELs support for academic
language development during science instruction, can lead to increased student
performance in writing, reading, and science understanding (Stoddart et al. 2002; Lee et
al. 2005; Lee et al. 2008). For example, research on programs that utilize inquiry science to
support English language development (ELD) demonstrates that EL students develop English
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more rapidly on both ELD and ELA measures when compared to students participating
in ELD programs only (Gomez-Zwiep and Straits 2013; Shea et al. 2012). In particular,
participation in such programs appears to have a positive effect on students’ oral language
development.
While learning an additional language is multilayered and complex, is dependent upon
many interrelated variables, and typically does not occur in a linear fashion, there are some
general stages of ELD. California refers to these general stages as Emerging, Expanding,
and Bridging.6 The CA ELD Standards offer guidance on providing appropriately designed
instruction at these three stages by providing outcome statements for the culmination of
each stage. Table 10.1 summarizes the general progression of ELD as conceptualized in the
CA ELD Standards, along with acknowledgment that ELs bring language with them when
they enter schools (their native language) and become lifelong language learners once they
become reclassified as proficient in the English language.

6. Note that the terms beginning, early intermediate, intermediate, early and advanced, advanced to describe English language
proficiency levels have been replaced with Emerging, Expanding, Bridging.
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Table 10.1. English Language Proficiency Levels
→→→→→→→→→→→→→→→→→→→ ELD CONTINUUM →→→→→→→→→→→→→→→→→→→
(Arrows show a progression from beginning to advanced levels of English proficiency.)

Native
Language
ELs come to
school with a
wide range of
knowledge and
competencies
in their primary
language, which
they draw upon
to develop
English.

Emerging

Expanding

Bridging

ELs at this
level typically
progress very
quickly, learning
to use English
for immediate
needs as well
as beginning to
understand and
use academic
vocabulary and
other features
of academic
language.

ELs at this
level increase
their English
knowledge,
skills, and
abilities in more
contexts. They
learn to apply a
greater variety
of academic
vocabulary,
grammatical
structures,
and discourse
practices in more
sophisticated
ways,
appropriate to
their age and
grade level.

ELs at this
level continue
to learn and
apply a range
of advanced
English language
knowledge,
skills, and
abilities in a
wide variety
of contexts,
including
comprehension
and production
of highly
complex texts.
The bridge
alluded to is the
transition to full
engagement
in grade-level
academic tasks
and activities
in a variety of
content areas
without the need
for specialized
instruction.

Lifelong
Language
Learners
Students who
have reached
full proficiency
in the English
language, as
determined by
state and/or
local criteria,
continue to
build increasing
breadth,
depth, and
complexity in
comprehending
and
communicating
in English in a
wide variety of
contexts.

EL students, at any given point along their trajectory of English language development,
may exhibit some language abilities (e.g., speaking skills) at a higher proficiency level, while
at the same time exhibiting other abilities (e.g., writing skills) at a lower proficiency level
(Gottlieb 2006). Thus, students may understand much more than they can express. Other
students may successfully perform particular skills at a lower English language proficiency
level (e.g., reading and analyzing a science text), and at the next higher proficiency level,
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they may need review in the same reading and analysis skills when presented with a
different, or more complex, type of text.
All K–12 teachers who teach science and engineering to ELs should ensure that ELs
have full access to a robust science curriculum and develop advanced levels of English in
science in a timely manner. This can only be done through careful lesson and unit planning
(using the CA ELD Standards), observation of what students are doing and saying during
science instruction, reflection on how ELs engage with particular approaches to instruction,
and necessary refining and adjusting of instruction based on observation and reflection.
Critically, schools and districts should ensure that EL students are not deprived of science
learning opportunities by placement in an ELD class during science time.7 Indeed because
of the focus on real materials and activities, not to mention the high-interest topics and
potential for disciplinary language-rich discussions, science and engineering classes are
ideal learning environments for integrated English language development. For this reason,
STEM teachers should work closely with site and district ELD specialists to ensure that their
classrooms serve EL students’ English language development, in concert with an opportunity
to learn science. By the same token, ELD specialists should work closely with science
teachers to understand how to design and provide language instruction that is in the service
of science and engineering learning (Pearson, Moje, and Greenleaf 2010). (See also the
section in this chapter titled Integrated and Designated ELD and STEM.)
When designing integrated ELD science instruction, educators should carefully consider
the level of their English learners and determine how the skills and concepts from the
ELD Standards can support and provide access to the practice and mastery of grade-level
science standards. Educators can provide opportunities for English learners to access
rigorous science content by planning for targeted scaffolding in order to promote academic
discourse and comprehension, analysis, and creation of written and spoken texts.
More detailed information about ELs can be found elsewhere in this framework, in the
full CA ELD Standards publication, the ELA/ELD Framework, and the supplementary resource
noted earlier in this section, Integrating the CA ELD Standards into K–12 Mathematics and
Science Teaching and Learning (Lagunoff et al. 2015), which provides illustrative examples
of the tandem implementation of the CA ELD Standards with the CA NGSS and CA CCSSM.

7. For newcomer ELs in secondary school (ELs who are within their first year in U.S. schools, for example), a specially designed
science class that integrates ELD with science learning may offer an equally rich science learning experience.
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Long-Term English Learners
Regardless of their age, primary language and literacy backgrounds, and time in U.S.
schools, all ELs should make steady progress in developing English, particularly the types
of academic English needed for school success. However, many ELs may not have received
the educational support needed to make continual progress in developing the English that
is essential to succeed in academic subjects. These students have been identified as longterm English learners (LTELs) because they have been schooled in the U.S. for six or more
years but have not made sufficient linguistic and academic progress to meet reclassification
criteria and exit EL status (see description of LTELs below). Fluent in social/conversational
English but challenged by academic literacy tasks, LTELs find it difficult to engage
meaningfully in increasingly rigorous coursework.

Long-Term English Learners
2013 California Education Code 313.1.a & b define a long-term English learner as “an
English learner who is enrolled in any of grades 6 to 12, inclusive, has been enrolled in
schools in the United States for more than six years, has remained at the same English
language proficiency level for two or more consecutive years” as determined by the state’s
annual English language development test. In addition, the same California Education
Code identifies English learners at risk of becoming long-term English learners as those
EL students enrolled in any of grades five to eleven, in schools in the United States for
four years, and who score at the intermediate level or below on the state’s annual English
language development test the fourth year at the below basic or far below basic level on
the English language arts standards-based achievement test.

California recognizes that LTELs face considerable challenges succeeding in school
as the amount and complexity of the academic texts they encounter increases. Special
care should be taken when designing instruction for LTELs, as instruction should focus on
accelerating the simultaneous development of academic English and content knowledge
to ensure that LTELs are college- and career-ready. STEM coursework is an ideal discipline
to support LTELs to achieve this accelerated trajectory because of its high-interest topics
and focus on disciplinary literacy, not to mention its potential for group projects and realworld applications relevant to students’ own lives (e.g., the relationships among science,
technology, society, and the environment). Every effort should be made to enroll and retain
LTELs in such course work and to provide the appropriate support and motivation to ensure
their success.
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Ethnically Diverse Learners
In 2009, only 12 percent of STEM workers had African American and Hispanic
backgrounds even though these groups accounted for 25 percent of overall employment
(Beede et al. 2011). African American, Hispanic, or Native American students earned less
than 15 percent of undergraduate degrees in engineering, math, and physical science
(National Science Foundation [NSF] 2013). This trend is worse for socioeconomically
disadvantaged students (Shaw and Barbuti 2010). Multiple factors have been linked to the
low numbers of underrepresented groups in STEM fields, including anxiety about perceived
negative stereotypes and lower personal assessments of abilities and performance in STEM
tasks (Hill, Corbett, and St. Rose 2010).
Overall, research suggests that the relationship between factors such as socio-economic
status, ethnicity, academic self-efficacy, and academic performance is complex—and that
reasons for the disparity of minorities in STEM fields are not universal. Factors affecting
identity and persistence may operate differently, based on students’ ethnic backgrounds,
different performance levels in STEM, socio-economic backgrounds, and gender. Accordingly,
the design of science and engineering curriculum and mentoring programs needs to align to
students’ prior and current degree of success in STEM learning and to factors such as socioeconomic status and cultural backgrounds.

Migrant Students
Migrant students represent a significant number of California’s children and adolescents.
In 2014, California was home to nearly 200,000 migrant students, or about 35 percent of the
country’s total migrant-student population: about one-third of California’s migrant students
were classified as ELs (CDE 2014c). Schools and districts should be aware of the background
factors that may affect the ways in which children and adolescents from migrant families
engage in school learning. Most importantly, teachers should become familiar with their
migrant students’ circumstances so they can attend to their students’ particular learning
needs.
One of the greatest challenges migrant students face is access to and continuity of the
services that are intended to meet their unique needs. The goal of California’s migrant
program is to provide supplemental services and supports to migrant students so they
can be ready for and successful in school and graduate with a high school diploma that
prepares them for responsible citizenship, further learning, and productive employment.
When families move, migrant students’ educational process is interrupted, and this can
be exacerbated if the family moves to an area where there is not a migrant program or if
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the migrant program does not identify students and provide them with services in a timely
way. Not only do the children and youth have an interruption in their education, but they
also experience the interruption in services designed to help them overcome their unique
challenges as migrant students.
Schools and districts are required to create and adhere to a systematic plan for
identifying migrant students as soon as they enter their schools and for immediately
providing appropriate services so that migrant students’ education is not further disrupted.
For more information and resources in meeting the needs of migrant students, see the CDE
Migrant Education Programs and Services (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link3),
the Migrant Students Foundation (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link4), and
Colorín Colorado (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link5).

Students Living in Poverty
More than one in five California children and youth live in poverty (U.S. Census Bureau
2012). Some students are from families where parents are working one or more jobs, yet
they are having difficulty surviving economically. Some students have moved often with
their families, changing schools every year or multiple times each year because of economic
circumstances, including job loss. Some are unaccompanied minors, others are living on
the street or in shelters with their families, and still others have stable housing but may
often go hungry or lack other basic necessities. They are a heterogeneous group made up
of all ethnicities, but students of color are overrepresented in the population of students
in kindergarten through grade twelve living below the poverty line (U.S. Department of
Education 2013; see also Fuentes, O’Leary, and Barba 2013).
The challenges individuals living in poverty face are complex, and to mitigate the
negative effects of poverty, the resources of many agencies working together are required.
A broad interpretation of shared responsibility—one that includes agencies beyond the
public education system—is crucial to serving these students effectively. However, schools
can develop awareness of the challenges students living in poverty face and take tangible
steps to support these students to succeed in STEM course work. Seeking expanded
learning opportunities, for instance, may be one way to engage this student population in
hands-on STEM learning that is relevant to their daily lives and promotes authentic learning
and achievement.
Children and youth living in poverty are more likely than their peers to experience
academic difficulty. However, the effects poverty has on individuals vary based on “the
individual’s characteristics (such as personality traits), specific life experience (such as loss
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of housing), and contextual factors (such as neighborhood crime),” as well as the presence
of protective factors, which include affirming, positive, and supportive relationships with
teachers and schools (Moore 2013, 4). Thus, the respectful, positive, and supportive schools
called for throughout this chapter and this entire framework—important for all students—
are especially critical for students living in the psychologically and physically stressful
circumstances that come with poverty.
Children and youth living in poverty often miss many days of school; some stop
attending altogether. Many transfer from one school to another as their living circumstances
dictate. As a result, there are often gaps in their education. The CA NGSS is built on
continuity of learning progressions across grade levels. This presents both opportunities
and challenges to students who are highly mobile or transient. On one hand, the statewide
implementation of the CA NGSS may help these students by providing them with consistent
standards among districts and schools. On the other hand, this assumption may limit the
ability of some students who are new to the school, district, state, or country (such as new
immigrant or migrant students) to catch up, as they are unable to draw from a base of
years of shared experiences. Likewise, students who miss school because of homelessness,
migrant status, or other reasons involving mobility may struggle to fill gaps in understanding
and skills development.
It is essential that teachers and districts identify student instructional needs early and
work to determine how such needs may be addressed, as these issues cannot be addressed
solely in the classroom. For instance, students living in poverty are more likely to struggle
with engagement in school. Jensen (2013) discussed seven areas of concern for lowincome students and recommended actions that teachers can take to mitigate their effects.
Notably, children living in poverty who do experience academic success in the early years
of school are more likely to succeed in subsequent years; early success in reading has been
demonstrated to have particular significance for this population of students (Herbers et. al
2012). This encouraging finding suggests that a range of resources should be harnessed
to more fully address the needs of these students. (See also Kaiser, Roberts, and McLeod
2011, 153–171, for a discussion of poverty and language delays.) See the CA ELA/ELD
Framework’s “Access and Equity” chapter for more specific strategies for working with
students living in poverty.
When addressing the learning needs of children and youth living in poverty, it is
important to recognize that students’ backgrounds vary widely and that pervasive
stereotypes and misconceptions about the poor can have damaging effects on students.
Some misapprehensions include those that characterize the poor as unmotivated or as
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having a weak work ethic, those that assume that parents living in poverty do not value
their children’s education, those that view the poor as linguistically deficient, or those
that stereotype the poor as drug abusers or criminals. Without actively questioning and
addressing them, these myths and stereotypes can undermine the establishment of
respectful learning environments where all students can thrive both academically and socioemotionally. Gorski (2008) suggests that educators reject these myths and question the
deficit stance from which they stem:
The “culture of poverty” myth—the idea that poor people share more or less monolithic and
predictable beliefs, values, and behaviors—distracts us from a dangerous culture that does
exist—the culture of classism. . . . The most destructive tool of the culture of classism is
deficit theory. In education, we often talk about the deficit perspective—defining students
by their weaknesses rather than their strengths. Deficit theory takes this attitude a step
further, suggesting that poor people are poor because of their own moral and intellectual
deficiencies. (Collins 1988; Gorski 2008)

As Gorski emphasizes, myths that blame the poor for the inequities that exist in
schools are not supported by evidence. Poor students are more likely than their more
socioeconomically advantaged peers to attend schools that have
•

less funding (Carey 2005);

•

lower teacher salaries (Karoly 2001, 314–356);

•

more limited computer and Internet access (Gorski 2003);

•

larger class sizes;

•

higher student-to-teacher ratios;

•

a less-rigorous curriculum;

•

fewer experienced teachers (Barton 2004);

•

large numbers of teacher vacancies and substitute teachers;

•

more teachers who are not licensed in their subject areas;

•

insufficient or outdated classroom materials;

•

inadequate or nonexistent learning facilities, such as science labs (The National
Commission on Teaching and America’s Future 2004; Gorski 2008).

Rather than approaching socioeconomically disadvantaged students and their families as
having deficits that need to be fixed, this framework takes an asset-based stance, one that
views all children and youth as coming to school with challenges that should be addressed
but also as having valuable cultural and experiential resources that are useful for classroom
learning. Furthermore, students living in poverty should be perceived as capable learners
who are fully able to engage and achieve in intellectually rich STEM learning.
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Foster Youth
More than 43,000—or about 1 of every 150 kindergarten through grade twelve
public-school students in California—spent some period of time in foster care during the
2009–2010 school year (Wiegmann et al. 2014). Students in foster care, a group that is
distinct from, but may overlap with, students living in poverty, lag significantly behind in
academics compared to their peers who are not in foster care. Foster children and youth are
more likely than other students to change schools during the school year and are more likely
to be diagnosed with a disability than the general population of students (Wiegmann et al.
2014). In addition, students in foster care experience a greater academic achievement gap
than students living in poverty and have the highest dropout rates and lowest graduation
rates (Barrat and Berliner 2013).
Despite the inequities that exist for foster youth, these students have the same
aspirations for college and careers as other California students. “There is a shocking disparity
between the number of foster youth who aspire to a college-level education and those who
achieve this goal. In one survey of California foster youth, 75% had a goal of attending and
graduating from college. However, an estimated 3–11% of foster youth actually go on to
receive a bachelor’s degree nationwide” (California College Pathways 2015).
The achievement gap that foster children and youth experience has been referred to
as an invisible one. Educators may not be aware that their students are foster children or
youth, and they may be unfamiliar with learning needs and appropriate support services
that are particular to these students’ life circumstances. However, when districts and
teachers know who their foster children and youth are; place foster children strategically
in the most appropriate schools and classrooms; and educate themselves about how to
provide effective, motivating, engaging, and relevant instruction and support services, foster
children and youth are more likely to thrive in school. Additionally, educators can refer
students to participate in expanded learning opportunities, which provide collaborative,
high-quality STEM learning, available at the school site. One example of support for school
leaders is the College and Career Pathways project, which provides guidance to high schools
on how to help foster youth plan for college and careers (http://www.cde.ca.gov/ci/sc/cf/
ch10.asp#link6); another is the CDE, which provides numerous resources related to foster
youth services and programs (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link7).

Girls and Young Women—Gender Equity in Science Education
Although women make up roughly half of the workforce in the United States, they hold
less than 25 percent of the STEM jobs (see figure 10.1). This is particularly true in the
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physical, earth, engineering, and computer sciences. In addition, starting in the late 1990s,
women have received around 57 percent of all undergraduate degrees, yet only 30 percent
of women received undergraduate degrees in engineering (NSF 2013). These disparities,
which are not due to a lack of ability or performance by women (Hazari, Tai, and Sadler
2007), are problematic for a number of reasons. First, the U.S. economy is losing the talent,
innovation, and expertise of a large percentage of its total workforce. This loss prevents our
nation’s ability to “out-build, out-educate, and out-innovate future competitors” (Executive
Office of the President 2013). In addition, the underrepresentation of women in STEM-related
jobs places women at an economic disadvantage. Women in STEM jobs earn on average 33
percent more than their counterparts in non-STEM related jobs (Beede et al. 2011).
Figure 10.1. Gender Share of STEM Jobs
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Source: K. Cruz Allen with data from National Girls Collaborative Project 2016

Research points to a number of social and environmental factors that may impact young
women’s decisions not to seek STEM-related education and career trajectories. A strong
influence impacting young women is the portrayal of gender stereotypes from the media
and popular culture. From as early as age four, perceptions about the “appropriate” gender
of scientists and engineers is influenced and reinforced by the media (Stienke et al. 2007).
Predominant images of men in STEM-related fields in the media cause both girls/young
women and boys/young men to see these fields as male dominated or more masculine in
nature. This also impacts girls’ and young women’s self-image and beliefs about whether
they can be successful in science and engineering. Another factor that may inhibit girls and
young women from pursuing science and engineering is the inequality of participation in
science classrooms. As Barton, Tan, and Rivet (2008, 68) note, “[T]raditionally, girls are
positioned with less power in the science classroom. They are called on less often to answer
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content questions and are not given as much attention as the boys by the teachers.” This
can dramatically impact not only girls’ interest and motivation to study science, but also
their beliefs about whether they bring value to the science classroom.
Factors within and outside traditional classrooms can impact girls’ STEM identities. To
cultivate a positive science identity, girls must often navigate through dominant social
perceptions of science as masculine and clever as well as the perception that STEM is an
elite field open to a narrow range of women with very specific characteristics (Gomez-Zwiep
2015). This already limited arena is even smaller for girls from low SES backgrounds or
who are from underrepresented ethnic groups (Carlone 2012). Often, inspiration for STEMrelated goals is the result of out-of-school opportunities where girls experience science in a
way that makes them feel smart and capable. Such experiences can come from expanded
learning opportunities in which girls can engage in relevant, hands-on STEM learning—and
can be pivotal for promoting efficacy and confidence in STEM-related content. Other
reaffirming practices could include school-based grades, providing certificates and awards,
and teachers promoting positive STEM identities to girls (Tan et al. 2013).
Making girls aware of women in STEM careers is not enough to develop a positive STEM
identity in girls. Explicitly discussing the under-representation of women in STEM fields
and other similar practices has been shown to have a positive effect on girls STEM-identity
formation (Archer et al. 2012). Exposing female students to female role models can also
strengthen girls’ STEM identity—but only when the students develop a significant personal
connection with those role models. These findings highlight the important role of STEMfocused expanded learning opportunities where girls can collaborate and build longitudinal
relationships with female role models on a regular basis by engaging in hands-on, minds-on
STEM learning opportunities relevant to their needs and interests.
Many of California’s teachers, schools, and districts have already embraced several
research-based approaches to positively impact girls’ motivation, achievement, and
confidence with science and engineering. One approach is to ensure that girls clearly
see science and engineering as useful to society and meaningful pursuits by including
engineering experiences and discussions of applications of science and of science-based
technologies into school programs. Increasing girls’ self-efficacy in science and engineering
can be accomplished by providing early school experiences with science, such as science
projects and scientific investigations, which can be critical in developing life-long interests in
science and their pursuit of careers in science (Baker 2013).
Not only should students be exposed to science and engineering at a young age, but
they should also have meaningful access to successful women who work in science- and
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engineering-related fields. This exposure serves to break down the gender stereotypes
that students form from the media and popular culture. Baker also found that “the most
effective role models for girls are women near their own age, such as female undergraduate
science majors or graduate students who can talk about their experiences in nontraditional
fields” (Baker 2013, 16). Women science teachers can also serve as strong and positive role
models for girls and young women in their classrooms. Expanded learning opportunities
typically include partnerships with local institutions of higher education or community
organizations that provide such mentors to female students on an ongoing basis.
All teachers and education support professionals should ensure they create learning
environments that promote open dialogue, risk-taking, and a culture that values learning
where all students feel safe and excited about engaging with science and engineering.
All teachers can support girls and young women to thrive in the science and engineering
classroom by engaging in the following actions:
•

Intentionally positioning girls and young women in leadership positions during group
work (Barton, Tan, and Rivet 2008)

•

Conveying positive messages about the competencies of girls and young women
(Baker 2013)

•

Intentionally highlighting and/or providing access for all K–12 students to women role
models and/or mentors in science and engineering fields

•

Critically and continuously self-assessing how they ensure that their female students
have equal opportunities to participate in tasks and classroom discourse

•

Collaborating with parents and guardians and explicitly informing them of the career
opportunities in STEM-related fields for women so they can support their daughters’
developing identities as scientists and engineers

These approaches and others will help to ensure gender equity in science classrooms
and in STEM-related careers. The following snapshot illustrates how a school program can
support girls and young women to develop a growth mindset, the idea that people can grow
their brain’s capacity to learn and to solve problems, in relation to STEM.
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Access & Equity Snapshot 10.1: SciGirls in Grades Four
and Five
An after-school group called SciGirls (inspired by the local television show by
the same name) recruited girls in grades four and five to cultivate a school
garden and explore ecological relationships through STEAM. The group
of 25 girls who regularly attended meetings focused on one performance
expectation per year. They had planted and maintained a school garden, started a small
compost pile, and worked as advocates around the school to do mini-presentations for
the kindergarten through fifth-grade students about plants and human impacts on the
environment (5-LS2-1: Develop a model to describe the movement of matter among
plants, animals, decomposers, and the environment).
During a storm, some of the girls noticed that worms were littering the sidewalk.
Miss C, the club’s advisor, took advantage of this experience to arrange for an education
outreach staff person from the local waste company to discuss vermicomposting and the
anatomy and physiology of the worm. The girls then created a worm box and used this
box to conduct various investigations, such as comparing plant growth with and without
using worm castings, observing the average size of individual worms given various diets,
and observing the number of living worms given varying amounts of food. There was also
an emphasis on reading science informational texts, collecting and analyzing data, and
writing for the school Writing Celebration. The girls were provided extra support when
working on their science fair projects and used observations and scale drawings to submit
entries to the art fair.
The SciGirls group was continued in the middle grades, where the focus was on
engineering. In grade eight, the girls worked with the grades four and five program at the
elementary school as mentors.

For more information and for resources on empowering girls and young women in science
and engineering, see the following reports by the American Association of University Women:
•

Why So Few? Women in Science, Technology, Engineering, and Mathematics (STEM)
presents eight key research findings that point to environmental and social barriers
that block women’s progress in STEM along with ideas for opening up science
and engineering fields to girls and women (http://www.cde.ca.gov/ci/sc/cf/ch10.
asp#link8).

•

Where the Girls Are: The Facts About Gender Equity in Education presents a
comprehensive picture of trends in gender equity from elementary school to college
and beyond (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link9).

•

“Solving the Equation: The Variables for Women’s Success in Engineering and
Computing,” a report by the AAUW (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link10)
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Advanced Learners and Gifted Learners
Advanced learners and gifted learners, for purposes of this framework, are students who
demonstrate or are capable of demonstrating performance in science and engineering at a
level significantly above the performance of their age group. They may include (1) students
formally identified by a school district as gifted and talented pursuant to California Education
Code Section 52200 and (2) other students who have not been formally identified as gifted
and talented but who demonstrate the capacity for advanced performance in particular
subject areas. In California, each school district sets its own criteria for identifying gifted
and talented students.
The informal identification of students’ learning needs (as noted in number 2 above) is
important because some students, particularly California’s culturally and linguistically diverse
learners, may not exhibit advanced learning characteristics in culturally or linguistically
congruent or familiar ways. For example, a kindergartener who enters U.S. schools as a
newcomer to English and is fluently translating for others by the end of the year may not be
formally identified as advanced but may in fact be best served by programs offered to gifted
and talented students. Likewise, teachers may not readily identify students with disabilities
as gifted and talented, yet some students with disabilities are gifted and talented. These
students are sometimes referred to as twice exceptional and instruction needs to address
both sets of needs (International Dyslexia Association 2013; Nicpon et al. 2011). Teachers
should be prepared through pre-service and in-service professional learning programs
to recognize the range of learners who are gifted and talented. As noted previously, the
populations discussed in this chapter are not mutually exclusive, and each is heterogeneous.
A synthesis of research (Rogers 2007) on the education of students identified as gifted
and talented suggests that they should be provided the following:
•

Daily challenges in their specific areas of talent

•

Regular opportunities to be unique and to work independently in their areas of passion
and talent

•

Various forms of subject-based and grade-based acceleration as their educational
needs require

•

Opportunities to socialize and learn with peers with similar abilities

•

Instruction that is differentiated in pace, amount of review and practice, and
organization of content presentation

Instruction for advanced learners and gifted learners should focus on adding depth and
complexity in their understanding of the topics being studied, and not necessarily in adding
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new topic areas or skipping courses or content. For example, opportunities to engage
with appropriately challenging text and content, conduct research, engage in independent
or small-group projects, use technology creatively, and write regularly on topics that
interest them can be especially valuable for advanced learners and gifted learners; these
experiences allow students to engage more deeply with content and may contribute to
motivation. Instruction that focuses on depth and complexity ensures cohesion in learning
rather than piecemeal enrichment.
Assessments and tasks vary in their cognitive complexity, or depth of knowledge (DOK),
they require (Webb 2005). Depth of knowledge levels include, from least to most complex,
the following:
•

Recall and reproduction (level 1)

•

Skills and concepts (level 2)

•

Strategic thinking/reasoning (level 3)

•

Extended thinking (level 4)

The more complex tasks, those at DOK levels 3 and 4, generally require more time and
involve the use of more resources. An overview of DOK with science examples is presented
in this framework in chapter 11 on instructional strategies. All students should have ample
opportunities to engage in a mixture of tasks with particular attention to those most
cognitively engaging and challenging, that is, tasks involving strategic thinking/reasoning
and extended thinking. Advanced learners and gifted learners particularly benefit from
opportunities and encouragement to carry their projects and tasks through to these more
complex DOK levels.

Students with Disabilities
In accordance with The Individuals with Disabilities Education Improvement Act (IDEA),
reauthorized in 2004, California local education agencies provide special education and other
related services as a part of a guaranteed free appropriate public education to students who
meet the criteria under one of the following categories (presented alphabetically): autism,
deafness, deaf-blindness, emotional disturbance, hearing impairment, intellectual disability,
multiple disabilities, orthopedic impairment, other health impairment, specific learning
disability, speech or language impairment, traumatic brain injury, and visual impairment,
including blindness. (For detailed descriptions, see the Center for Parent Information and
Resources, http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link11.)
Students with specific learning disabilities and speech and language impairment make up
approximately two-thirds of students receiving special education services (CDE 2011). While
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specific learning disabilities vary widely, difficulty reading is the most common type of specific
learning disability. However, it is important to note that students experiencing difficulty reading
do not necessarily have a learning disability. There are many causes for low achievement in
reading, including inadequate instruction. Under IDEA, a student who is performing below
grade level may not be determined to have a specific learning disability if the student’s
performance is primarily a result of limited English proficiency or a lack of appropriate
instruction. A student’s membership in a particular disability category only represents a label
for a qualifying condition. The spectrum of severity of disability and educational needs within
each disability category varies widely. Thus, each individual education program should be
based on a student’s individual needs—not the label attached to the student.

Individualized Education Program
Students who receive special education and related services in the public school
system must have an Individualized Education Program (IEP). For more information, see
What is an IEP? from Understood (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link12). The
IEP is a federally mandated individualized document specifically designed to address an
individual’s unique educational needs. It includes information about the student’s present
levels of performance (including strengths), annual goals, and the services and supports
that are to be provided in order to meet those goals. The members of the IEP team—
students, teachers, parents, school administrators, and related services personnel—work
collaboratively to improve educational results for students with disabilities. IEPs for ELs with
disabilities should include linguistically appropriate goals and objectives in addition to all the
supports and services the student may require due to their disability. The IEP serves as the
foundation for ensuring a quality education for each student with a disability.
For additional resources to support the teaching of students with disabilities, please access
VeryWell.com http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link13 to learn more about 504 plans
and suggested accommodations. A 504 plan refers to Section 504 of the Rehabilitation Act and
the Americans with Disabilities Act (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link14), which
specifies that no one with a disability may be excluded from participating in federally funded
programs or activities, including elementary, secondary, or postsecondary schooling.

Accommodations and Modifications for Students with Disabilities
Most students who are eligible for special education services are able to achieve
standards when the three following conditions are met:
1. Standards are implemented within the foundational principles of Universal Design for
Learning. (See subsequent section in this chapter.)
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2. Evidence-based instructional strategies are implemented and instructional materials
and curriculum reflect the interests, preferences, and readiness of each student to
maximize learning potential.
3. Appropriate accommodations are provided to help students access grade-level
content and complete tasks successfully.
Accommodations are changes that help a student to overcome or work around the
disability. Accommodations do not reduce the learning or performance expectations;
rather, they allow the student to complete an assignment or assessment with a change in
presentation, response, setting, timing or scheduling so that learners are provided equitable
access during instruction and assessment. They also include learner-appropriate behavior
management techniques.
More guidance is available in the CCSSO’s Accommodations Manual: How to Select,
Administer, and Evaluate Use of Accommodations for Instruction and Assessment of Students
with Disabilities (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link15) (Thompson et al. 2005).
The following snapshot provides an example of several accommodations in practice and
highlights the need for science and special education teachers to collaborate toward the
common goal of ensuring that students with special needs have full and equitable access to
a robust science and engineering curriculum.

Access & Equity Snapshot 10.2: Science and Special
Education Teachers Co-planning: Applying Newton’s
Third Law
There were 8 students with mild to moderate learning disabilities out of
a total 32 students in Mrs. C’s sixth-period physical science class. Mrs. C
regularly met with Ms. S, a special education specialist and the primary case
holder for the students in Mrs. C’s class, to plan accommodations for her
lessons that period. In science, the students had been studying Newton’s Laws, and with
instructional support had been successful at conceptually understanding the content.
Mrs. C’s physical science classes were designing a wall made of Jenga blocks that
would stop a tennis ball with a constant force (caused by rolling it down a ramp). During
co-planning time, she explained the activity and her expectations for student work to
Ms. S. She was planning for students to begin by making qualitative and quantitative
observations about the system (e.g., dimensions and mass of the ball and block, and the
distance of travel before collision point), followed by calculating the average speed
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Access & Equity Snapshot 10.2: Science and Special
Education Teachers Co-planning: Applying Newton’s
Third Law
the ball was traveling at the proposed collision point (by collecting distance and time
data in a table for multiple trials). Next, students investigated building a wall with 1–10
blocks, noting how far the ball traveled after collision with multiple designs. The students
recorded trials in their science notebooks with labeled diagrams, which included noting the
forces acting upon the system using arrows of varying lengths. Finally, students made a
prediction about how many blocks it would take to stop the ball, created a labeled design,
and wrote a short claim for why they believed that this design would stop the ball. In
their writing, the students had to use the terms force, mass, speed, motion, collision, and
Newton’s laws.
After listening to each activity and expectation, Ms. S offered suggestions for
modifications and accommodations at each stage of the lesson. She began by proposing an
extension to the allocated time for the entire activity from 1–2 days to 2–3 days, chunking
the investigations into smaller steps. She suggested that the whole class make the
observations and that the students collect the data during science. She asked if she could
support the cluster of students with special needs when she saw these students during
math by giving them extra time to work on the calculations. In addition, she believed the
students might be more successful with the wall-building portion if time limits were given
for building and then drawing their diagrams, thereby providing time management for the
task. Finally, for the short claim writing assignment, she suggested that the students with
special needs be provided with a glossary of the required terms. She also suggested that
the students compose the claim in pairs or triads, rather than alone, so that they could first
talk with others about how they would phrase their claims in writing.
Mrs. C noted the modifications in her lesson plan, and the two teachers next decided
how Mrs. C would observe this group of students during instruction so that she could
provide immediate support. The following week, when the two teachers met again for
co-planning, they reflected on how the students engaged in the tasks so that they could
continue to provide supports that were most useful and consider others that may be more
appropriate for individual students.
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Access & Equity Snapshot 10.2: Science and Special
Education Teachers Co-planning: Applying Newton’s
Third Law
MS-PS2-1: Apply Newton’s Third Law to design a solution to a problem involving
the motion of two colliding objects
Science and
Engineering Practices
[SEP-6] Constructing
Explanations and Designing
Solutions (for engineering)
Constructing explanations and
designing solutions in grades
6-8 builds on K-5 experiences
and progresses to include
constructing explanations
and designing solutions
supported by multiple sources
of evidence consistent with
scientific ideas, principles,
and theories.

Disciplinary
Core Ideas

Crosscutting
Concepts

PS2.A: Forces and Motion
For any pair of interacting
objects, the force exerted by
the first object on the second
object is equal in strength
to the force that the second
object exerts on the first,
but in the opposite direction
(Newton’s Third Law).
PS3.C: When two objects
interact, each one exerts
a force on the other that
can cause energy to be
transferred to or from the
object.

[CCC-4] Systems and
System Models
Models can be
used to represent
systems and their
interactions—such
as inputs, processes,
and outputs—
and energy and
matter flows within
systems.

Unlike accommodations, modifications are adjustments to an assignment or assessment
that changes what is expected or measured. Modifications should be used with caution as
they alter, change, lower, or reduce learning expectations and can increase the gap between
the achievement of students with disabilities and expectations for proficiency. Examples of
modifications include the following:
•

Reducing the expectations of an assignment or assessment (e.g. assigning fewer
questions, less material, and/or lower-level problems)
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Accommodations and modifications play important roles in helping students with
disabilities access the core curriculum and demonstrate what they know and can do.
The student’s IEP or 504 Plan team determines the appropriate accommodations and
modifications for both instruction and state and district assessments. Decisions about
accommodations and modifications are made on an individual student basis, not on
the basis of category of disability. For example, rather than selecting accommodations
and modifications from a generic checklist, IEP and 504 Plan team members (including
families and the student) need to carefully consider and evaluate the effectiveness of
accommodations for each student.
Accommodations and modifications support equitable instruction and assessment for
students with disabilities. Accommodations and modifications should be cohesive across
classroom instruction, classroom tests and state/district assessments. However, some
accommodations and modifications may be appropriate only for instructional use and may
not be appropriate for use on a standardized assessment. It is crucial that educators are
familiar with state policies regarding accommodations used during assessment.
In a classroom where students engage in science and engineering practices (SEPs),
additional accommodations may be needed for some students to participate fully in the
activity and discourse expected of the class. Classroom access to laboratory equipment
may be limited by reach or vision. When this occurs and cannot be easily remediated,
strategies to ensure inclusion of the student with disabilities must, for example, ensure that
the student is positioned to gain the best possible visual, auditory, and physical access to
instruction and materials, and that they are included as fully as is possible as a member of
the group in any project and laboratory work.

Disciplinary Literacy, Motivation, and Self-Efficacy
The CA NGSS promotes SEPs and pedagogy that are equity-focused. In particular,
student discussion and disciplinary literacy play a much larger role than with previous
standards. This presents a challenge for teachers to fully include all students in classroom
discourse and to address science literacy. It also provides an opportunity for all students
to engage in discussion and literacy tasks in the context of rich science and engineering
learning environments. Engaging in rich discussions about science and engineering
supports all students to develop the language of science and engineering and to extend
their conceptual and content understandings. Therefore, science and engineering teachers
in formal, informal, and expanded-learning environments should develop their abilities to
facilitate and manage such discussion-based learning in order to ensure that all students
2016 California Science Framework
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are included in discussions and to make the most of the language and content learning
opportunities. (For more about how the CA NGSS promotes classroom discourse about
science and engineering, see chapter 1 in this framework for an explanation of threedimensional science learning.)
Science and engineering instruction should support continued language and literacy
development, with an emphasis on disciplinary literacy and development of mathematical
thinking, in addition to science learning. This integration of language and literacy, science,
and mathematics supports, rather than diminishes, student achievement in each of these
disciplines. (For more information on disciplinary literacy and the role of discussion in
science and engineering, see chapter 11 on instructional strategies in this framework.)
In addition to an increased focus on discourse and disciplinary literacy, the CA NGSS
provide opportunities for teachers to promote in their students an interest and sense of
self-efficacy in STEM, as well as a way of seeing themselves as scientists and engineers.
Student interest in STEM is a primary goal of STEM education, whether that interest leads
to the ability to apply a general knowledge of STEM to daily decisions in one’s personal
life or a career in a STEM field. Interest in STEM can facilitate learning and is related to
other important learning factors such as self-efficacy, goal setting and self-regulation.
The development of interest can be cultivated and supported through positive personal
interactions (e.g., teacher-student, student-student) and the strategic design of the learning
environment (Renninger and Hidi 2011). In the middle grades, external factors begin to
influence the academic pathway students will take (Lanzilotti, Montinaro, and Ardito 2009,
63–72), and student interest in STEM-related subjects is closely related to their likelihood of
pursuing a STEM career in the future (Tai et al. 2006; Fouad, Smith, and Zao 2002). Student
attitudes are influenced by how topics are presented in instruction, such as inquiry-based
practices (Minner, Levy, and Century 2010) and by the topics of instruction, such as projects
related to issues of power, culture, and ideology (Zacharia and Barton 2004). When science
is taught through engaging, hands-on experiences, it often becomes the most interesting
domain for students, leading to increased interest (Jones, Howe, and Rua 2000). Activities
involving experiments and lab or project work increase student engagement and promote
student interest in STEM disciplines and careers when compared to purely cognitive work
such as reading or listening to lectures. (For additional information see chapter 11 in this
framework).
Some of the most promising research related to increasing STEM participation has
been conducted by Dweck (2006) in the area of mindset. This research identified a growth
mindset in which individuals perceive intelligence as a changeable and flexible characteristic
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that could be developed with effort and persistence. Individuals with a growth mindset are
likely to persist in the face of struggle and adversity. Other individuals, those with a fixed
mindset, believe that intelligence is determined at birth and is uncontrollable. Unfortunately,
individuals with a fixed mindset are more likely to lose confidence in the face of struggle.
Students who possess a fixed mindset may have difficulty persisting after setbacks in math
and science, believing that the need to work hard is an indication that they are inherently
not smart enough for the task. While gender gaps have been found in boys and girls with
fixed mindsets, it is encouraging that no gender difference exists among students of growth
mindsets (Grant and Dweck 2003; Dweck 2006). Girls who believe that they can develop
the skills and knowledge needed to be successful in STEM fields are more likely to resist
stereotypes and develop positive STEM identities (Good, Aronson, and Harder 2008).

Universal Design for Learning
Universal Design for Learning (UDL) is a research-based framework for guiding
educational practice (see http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link16). Based on the
premise that one-size-fits-all curricula create unintentional barriers to learning for many
students, including the mythical average student, UDL focuses on planning instruction to
meet the varied needs of students. Not a special education initiative, UDL acknowledges the
needs of all learners at the point of first teaching, thereby reducing the amount of follow-up
and alternative instruction necessary.
UDL involves the use of effective teaching practices and the intentional differentiation of
instruction from the outset to meet the needs of the full continuum of learners. Teachers
who employ UDL attend to how information is shared along with choices of action,
expression, and engagement. In other words, as they plan, general education teachers
consider different ways to present information and content, different ways the students can
express what they know, and different ways of stimulating students’ interest and motivation
for learning—all based on students’ needs (CAST 2011).
The UDL guidelines are organized by three primary principles. A table representing these
principles and guidelines, as well as practical suggestions for classroom implementation can
be found at the National Center for UDL at http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link17.
An example of UDL in action is provided in the following snapshot: Universal Design for
Learning in a High School Biology Class.
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Access and Equity Snapshot 10.3: Universal Design for
Learning in a High School Biology Class
Ms. H’s biology class was learning about the role of feedback mechanisms in
stabilizing or destabilizing a system. As an introduction to the concept, Ms.
H activated prior knowledge (guideline 1) and facilitated a brief conversation
about a feedback mechanism with which the students had some familiarity:
the air conditioner. To support students’ conceptual understanding, Ms. H previewed key
terms by providing the students with a document that clarified domain-specific vocabulary
with definitions and illustrations (guideline 2). For example, the document defined the
word receptor and had an illustration of a thermometer so students made the connection
between the feedback mechanism component and the system being discussed.
In groups, students created a two-dimensional model of the feedback mechanism
using words and illustrations. During the creation of these models, Ms. H asked guiding
questions about systems and system models to ensure students included all necessary
components. Individual group models were used to create a class model that Ms. H used
to check for understanding of the feedback mechanism. Instead of eliciting a choral
response from students, students answered questions using a clicker or their phone,
which provided Ms. H with both group and individual data (guideline 4).
Later in the lesson, the students examined specific feedback mechanisms in their own
bodies. Students were shown a five-minute video clip explaining the feedback mechanism
involved in maintaining blood glucose levels. Ms. H told the students to watch the video
with the purpose of identifying the components of the feedback mechanism. During this
video, students were not to take notes. After the video, students were given a transcript
(guideline 1) and time to read through it, then instructed to use text-marking strategies
to identify the components of the feedback mechanism. Students then watched the video
a second time, taking notes that would allow them to create their own model of the
feedback mechanism.
Ms. H knew that some of her students would struggle with creating a model of
the feedback mechanism for maintaining blood glucose levels, so she provided these
students with a template as scaffolding (guideline 5). Students were given many options
for demonstrating their understanding of the feedback mechanism and how the system
responds to a given stimulus (guideline 5). These options were presented to the students
in the form of a menu with different activities and assignments having differing point
values. Students selected which of the activities they wanted to use to demonstrate their
understanding, as long as the points added up accordingly. This could take place in the
form of an essay, PowerPoint, Prezi, comic strip, or other activity.

When initial instruction is planned in such a way that it flexibly addresses learner
variability, more students are likely to succeed. Fewer students will find the initial instruction
inaccessible and, therefore, fewer will require additional, alternative “catch-up” instruction.
1400

Chapter 10

2016 California Science Framework

Access and Equity

Multi-Tiered System of Supports
A coordinated system of supports and services is crucial for ensuring appropriate and
timely attention to students’ needs. STEM teachers need to be part of this system as it is
a shared responsibility to collaborate with teachers, specialists, school administrators, and
other stakeholders to provide the most appropriate support for all students. The MultiTiered System of Supports (MTSS) model expands California’s Response to Intervention
and Instruction (RtI2) process by aligning all systems of high-quality first instruction,
support, and intervention and including structures for building, changing, and sustaining
systems. The MTSS guidelines discussed below reflect a schoolwide approach; these include
considerations specific to science instruction.
The foundational structures of MTSS include high-quality core instruction using
UDL principles and appropriate supports, strategies, and accommodations. In addition,
assessments and progress monitoring are employed to allow for a data-based, problemsolving approach to instructional decision-making. Like RtI2, MTSS incorporates the
three-tiered structure of increasing levels of supports and begins with the establishment of
strong core instruction in Tier 1. These tiers reflect the intensity of instruction in all content
areas, not specific programs, students, or staff (i.e., Title 1 or special education).
• Tier 1:

Tier 1 core or universal instruction, also known as first teaching, is

differentiated instruction delivered to all students in general education. Differentiated
instruction is the use of a variety of evidence-based instructional approaches to
transform curriculum and instruction in response to the interests, preferences,
learning needs, and readiness of diverse learners. It is not a program, but a way for
teachers to think effectively about whom they teach, where they teach, and how they
teach to maximize all students’ academic potential (Glass 2012). Teachers design
instruction for this tier in accordance with the principles of UDL (see previous section
in this chapter). The goal is that all students receive high-quality NGSS-aligned STEM
instruction through culturally and linguistically responsive teaching (see next section in
this chapter) and other equity-focused approaches that meet the full range of student
needs. Tier 1 instruction should result in no less than 80 percent of students achieving
grade-level expectations. If less than 80 percent of students succeed in Tier 1
instruction, schools should engage in close examination of the curriculum and teaching
practices and make appropriate adjustments.
• Tier 2:

Tier 2 is strategic, targeted instruction and supports provided to some

students—those who are not progressing or responding as expected to appropriately
designed and expertly provided first teaching (Tier 1). When Tier 1 instruction is
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excellent, no more than 15 percent of students receive support at this level. Tier
2 instructional supports are provided to students in addition to the high-quality
instruction they receive in Tier 1. The supplemental instruction provided in Tier 2 may
be an extension of the core curriculum used in Tier 1, or it may include instructional
materials and activities specifically designed for intervention. Tier 2 instruction may
take a variety of forms. At the elementary level, Tier 2 support might entail targeted
instruction provided for 30 minutes each day to small, flexible groups for six to eight
weeks. It may include support to ensure that students have understood and can
apply the scientific content knowledge and skills they need to be successful in STEM
classes. At the secondary level, Tier 2 support might include temporary support
(before, during, or after school) during which concepts taught in the core curriculum
are previewed or reviewed; the concepts may include STEM learning. Students’
progress toward identified goals is monitored frequently. The goal is that supplemental
support is temporary and that students will make significant and accelerated growth to
succeed in Tier 1 instruction. It is critical to note that students should not be removed
from science and engineering instruction in order to receive Tier 2 support.
• Tier 3:

Tier 3 consists of intensive intervention. It is necessary for very few students: 5

percent or less. Students who receive these services are those who have experienced
difficulty with excellent Tier 1 first instruction and have not benefitted as expected from
the appropriately designed and provided Tier 2 supplemental instruction they received.
More intensive, Tier 3 intervention may occur in a learning center or may be at a
different pace than Tier 2 instruction. The instruction for elementary students in Tier
3 might be for 40–60 minutes daily for a period of six to eight weeks, although some
students may need intensive intervention for longer periods of time. This additional
support may include opportunities for students to more fully understand and apply
the scientific knowledge and skills they need to be successful in STEM classes. Tier 3
intervention for secondary students might consist of a double block of daily instruction
for a semester or longer. In both elementary and secondary settings, the instructional
goal is to provide research-based intervention more often and for longer periods of time
with reduced student/teacher ratios. The intention is to accelerate students’ progress
so they can return to and succeed in the core Tier 1 instructional program. STEM
teachers’ understanding of how to collaborate with specialists to design and implement
appropriately differentiated instruction and interventions is critical for ensuring that
individual students succeed in their STEM courses. Equally important for all educators is
to ensure that students receiving either Tier 2 or Tier 3 supports not be deprived from
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participating in engaging STEM coursework, as full participation in this coursework is
critical for ongoing content knowledge, language, and literacy development.
For additional information, access the California Department of Education’s Multi-Tiered
System of Supports Web page at http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link18.

Culturally and Linguistically Responsive Teaching
Culturally and linguistically responsive teaching and equity-focused approaches
emphasize validating and valuing students’ cultural and linguistic heritage across the
curriculum, as emphasized in the following discussion.

Culturally and Linguistically Responsive Teaching
Culturally and linguistically responsive teaching can be defined as using the cultural
knowledge, prior experiences, frames of reference, and performance styles of ethnically
diverse students to make learning encounters more relevant to and effective for them.
It teaches to and through the strengths of these students. It is culturally validating and
affirming. Along with improving academic achievement, these approaches to teaching
are committed to helping students of color maintain identity and connections with their
ethnic groups and communities. It helps develop a sense of personal efficacy, building
positive relationships and shared responsibility while they acquire an ethic of success that
is compatible with cultural pride. Infusing the history and culture of the students into the
curriculum is important for students to maintain personal perceptions of competence and
positive school socialization.
Source: LAUSD English Learner (EL) Master Plan 2012.

Science education is a unique arena for integrating pedagogy that is responsive to the
diversity and life experiences of California’s students. Culturally and linguistically responsive
teaching weaves together multiple goals related to social justice. The National Center for
Culturally Responsive Educational Systems (NCCRESt) highlights the importance of creating
a shared responsibility for cultural responsiveness:
Culturally responsive educational systems are grounded in the belief that we live in a society
where specific groups of people are afforded privileges that are not accessible to other
groups. By privileging some over others, a class structure is created in which the advantaged
have more access to high-quality education and later, more job opportunities in high-status
careers. This leads to socioeconomic stratification and the development of majority/minority
polarity. We can turn the tide on this institutionalized situation by building systems that
are responsive to cultural difference and seek to include rather than exclude difference. …
Moreover, culturally responsive educational systems create spaces for teacher reflection,
inquiry, and mutual support around issues of cultural differences. (National Center for
Culturally Responsive Educational Systems 2008, 15)
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To ensure that all students thrive in STEM fields, teachers should adopt an additive stance
toward the culture and language of their students by enacting the following principles:

1

Promote and model a positive disposition toward diversity:
Teachers should develop an awareness of and positive disposition toward their students’
cultural and linguistic heritage and communication styles. Teachers should also clearly exhibit
a positive disposition about the science-related cultural frameworks and experiences students
from diverse backgrounds bring to the classroom and generally promote positive dispositions
toward diversity among all students (LeMoine 1999; McIntyre and Turner 2013, 137–161; Moll
et al. 1992).

2

Recognize and leverage cultural and experiential backgrounds:
Teachers should learn about their students’ lives, seek out the science-related cultural
and experiential knowledge and interests their students bring to school, and make connections
to new STEM learning. This includes instructional actions such as using texts that feature
scientists from a variety of cultural and linguistic backgrounds, inviting students to share their
experiential and cultural knowledge in science and engineering lessons, and addressing issues
of social injustices related to science that have affected people of color, immigrants, and the
poor (McIntyre and Turner 2013, 137–161).

3

Value language diversity and address language status:
Teachers should convey the message that all languages and dialects of English are equally
valid and useful in classroom learning and take the stance that multilingualism and dialect
variation is natural. While students should be encouraged and supported to use the language of
science, the language they use during discussions, group projects, and other group work (such
as lab experiments) should be accepted, with the focus on learning science, rather than on
whether students use their home dialects or primary languages to communicate their ideas. In
addition, teachers should make transparent for their students, in developmentally appropriate
ways, that while standard English is the type of English privileged in school and is necessary to
learn for expanded opportunities in life, bilingualism and bidialecticism (proficiency in multiple
dialects of English) are highly valued assets (Harris-Wright 1999, 53–80).

4

Cultivate the development of academic English:
Teachers should draw students’ attention to academic uses of English in STEM. They
should integrate intellectually rich and engaging tasks that allow students to develop their
ability to use academic English in meaningful and authentic ways. Teachers should also make
transparent to students how academic English works to make meaning in particular ways in
science (disciplinary literacy). This includes helping students to develop register awareness so
that they understand how and when to use different types of English to meet the language
expectations of STEM fields (Schleppegrell 2004; Spycher 2013, 445–458). (To learn more
about register and register awareness, see figure 2.14 in the ELA/ELD Framework.)
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All students bring to school knowledge and experiences that have the potential to
promote science learning. The cultural and linguistic knowledge and experiences that
some children bring to school may not initially be seen as assets, but they can be. For
example, the family or community of some students in rural regions may have deep and
specialized knowledge of organic farming practices or herbal medicines. In urban settings,
some children may have experiences learning technical procedures, such as bicycle repair
or building a community garden with their families. These types of informal science
experiences and knowledge can be drawn upon to enhance what is happening in the
classroom, for example, during science units involving plant biology, ecology, physics, or
chemistry. When teachers are aware of their students’ funds of knowledge, they can create
zones of possibilities, in which academic learning is enhanced by the bridging of the science
curriculum with family and community ways of knowing (Moll and Gonzalez 1994). However,
teachers should not make assumptions about the types of knowledge a student brings
based on their ethnicity, but rather encourage and elicit that knowledge based on insights
offered by the student and conversations with families. Teachers should also be willing to
explore students’ perceptions of how science and technology has on occasion ill-served their
community and to include discussions of risk and disadvantages as well as of opportunity
and advantages offered by science and technology for society. Some brief examples of
culturally and linguistically responsive pedagogy include the following snapshots. For
additional examples, see the NGSS appendix D: Diversity and Equity case studies at http://
www.cde.ca.gov/ci/sc/cf/ch10.asp#link19.

Access and Equity Snapshot 10.4: Learning About
Bioethics in High School
The science, history, literature, and ELD teachers at Bay View High School
collaborated to design and teach an interdisciplinary unit using Rebecca
Skloot’s book The Immortal Life of Henrietta Lacks as a springboard for
multiple, interrelated topics. In biology class, students learned about
Henrietta Lacks and how the HeLa genome had been vital to the development of the polio
vaccine, cloning, gene mapping, in vitro fertilization, and other advancements. Students
then read informational science texts on these topics. They also learned about the dark
history of experimentation on African Americans and traced the history of bioethics.
In history class, the students discussed relationships between ethics, race, and
medicine as they explored questions based on Skloot’s book and primary source
documents (e.g., Did the fact that she was black and poor affect her level of care?
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Access and Equity Snapshot 10.4: Learning About
Bioethics in High School
What laws governed the use of cells harvested from unknowing donors in the 1950s?).
In literature, the students read and discussed sections of the various texts to deeply
understand the content and learn about the structure and rhetorical features of nonfiction.
As a culminating task, the students worked collaboratively in small research groups
to investigate current events focused on bioethics, about which they then wrote creative
nonfiction pieces and created media presentations, which could be posted on the school’s
Web site. In their designated ELD class, the EL students delved more deeply into the
language used in Skloot’s book and some of the informational texts used in their science
class, analyzing and discussing the text organization, the structure of the texts, and the
lexical and grammatical resources the authors use. As the unit progressed, the teachers
met regularly to discuss both student progress and student work and to make necessary
enhancements and adjustments to the unit.
Resources
Rebecca Skloot’s Web site (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link20).
Radiolab’s program: Henrietta’s Tumor (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link21).

Access and Equity Snapshot 10.5: Learning from STEM
Role Models in the Middle Grades
The teachers at STEM Academy Middle School worked together to ensure
that their students learned about role models in STEM fields. The teachers
selected role models who reflected the cultural diversity of the school
and who also had great potential to inspire their students to persevere in
STEM course work and pursue careers in STEM fields. One of the role models students
learned about was teen scientist Jack Andraka, a 15-year-old high school sophomore, who
invented an inexpensive early detection test for pancreatic, ovarian, and lung cancers and
has won numerous awards. In addition to learning about Andraka’s scientific contributions,
they also learned how the young inventor had earned international praise for sharing
his personal and motivational story—in multiple documentaries, journal articles, and
a memoir—depicting his experiences of bullying, depression, rejection, and ultimately
international success.
One of the texts students read and discussed was an op-ed Andraka wrote for The
Advocate entitled “How Gay Genius Alan Turing Got Me Through Middle School” (Andraka
2014). In the piece, Andraka explained how inspiring and motivational it was for him in
middle school to discover a role model who was also gay: Alan Turing, who thwarted
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Access and Equity Snapshot 10.5: Learning from STEM
Role Models in the Middle Grades
Nazi Germany in World War II by cracking the Enigma code and laid the groundwork for
modern-day computers. However, because Turing lived in a time when being gay was a
criminal offense, he was persecuted by authorities and committed suicide at the age of
41. Andraka lamented the paucity of role models in STEM fields for lesbian, gay, bisexual,
and transgendered youth and advocated for changes in STEM education, adding, “The
sacrifice of our intellectual diversity is one that is not necessary and simply not acceptable.
If we truly desire equality in our society, then we must break free from our stereotypes,
making our foremost feature not our sexuality, but our potential to improve the world”
(Andraka 2014). As the students learned about Andraka, they discussed his contributions
to science and how he serves as a role model for other teens. Small groups selected one
of the “do-it-yourself” science experiments included in each chapter of Andraka’s memoir
(which he had created), and they worked together to conduct them.
Another group of role models the students learned about is depicted in Joshua
Davis’s book Spare Parts: Four Undocumented Teenagers, One Ugly Robot, and the
Battle for the American Dream. The informational text told the story of a robotics team
comprised of four Latino teenagers—Oscar Vazquez, Luis Aranda, Christian Arcega,
and Lorenzo Santillan—who won the 2004 Marine Advanced Technology Education
Robotics Competition at the University of California, Santa Barbara. The teens were
born in Mexico but raised in Arizona, where they attended Carl Hayden Community High
School and were mentored by two inspiring science teachers, Fredi Lajvardi and Allan
Cameron, who supported them to build an underwater robot and enter the competition.
Their competitors were some of the best collegiate engineers in the country, including
a team from the Massachusetts Institute of Technology. The teenagers, each of them
undocumented immigrants, raised $1,000, built their “ugly” robot out of scavenged parts,
and won the competition against all odds.
Oscar, Christian, Luis, and Lorenzo, who went on to become first-generation college
graduates, faced deportation, worked in the fields in Mexico, served in Afghanistan,
and became inspirational figures in the DREAMers movement. As the students at STEM
Academy Middle School learned about the story told in Davis’s book and viewed both a
documentary and a feature film depicting the team’s story, they not only discussed how
they felt inspired by the story, they also used some of the ideas from the story in their
own team robotics projects.
Resources
Jack Andraka’s Web site at http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link22.
The Arizona Republic article “Carl Hayden Robotics Team Inspires MIT’s ‘Dreamers’”
http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link23.
The documentary film about the Carl Hayden Robotics Team, Underwater Dreams at
http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link24.
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When teachers—and the broader educational community—openly acknowledge and value
who students are as individuals and as members of communities and seek to integrate and
build on the cultural and linguistic resources students bring to school, they promote positive
relationships in classrooms, positive self-images in students, and a deep respect for diversity
among all students (Gay 2002; Ladson-Billings 1995; Nieto 2008). These dispositions and
actions are critical for supporting all learners to achieve their full potential. Some additional
resources for implementing culturally and linguistically responsive pedagogy include the
following:
•

Ed Change: Resources for building equitable schools, communities, and organizations
(http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link25)

•

So Just: A collection of historic speeches, songs, poetry, and essays on human rights
and social justice (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link26)

•

Teaching for Change: Tools to create schools where students learn to read, write, and
change the world (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link27)

•

Teaching Tolerance: A place for educators to find thought-provoking news,
conversation, and support for those who care about diversity, equal opportunity, and
respect for differences in schools (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link28)

•

National Organization of Gay and Lesbian Scientists and Technical Professionals: A
Web site providing education, advocacy, professional development, networking, and
peer support for lesbian, gay, bisexual, transgender, and queer individuals in science
and technology, engineering, and mathematics (http://www.cde.ca.gov/ci/sc/cf/ch10.
asp#link29)

•

MAES-Latinos in Science and Engineering: The foremost Latino organization for the
development of STEM leaders in the academic, executive, and technical communities
(http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link30)

•

Society of Hispanic Professional Engineers: A society whose mission is to empower
the Hispanic community to realize its fullest potential and to impact the world through
STEM awareness, access, support, and development (http://www.cde.ca.gov/ci/sc/cf/
ch10.asp#link31)

•

Benjamin Banneker Institute for Science and Technology: Resource working to identify,
create, and/or support pilot projects designed to demonstrate the effectiveness of the
most promising approaches to address the low performance and participation rates of
African Americans in science- and math-related studies and professions (http://www.
cde.ca.gov/ci/sc/cf/ch10.asp#link32)
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Integrated and Designated ELD and STEM
The CA NGSS call for all students, including ELs, to engage in the science and
engineering practices, which are language and literacy intensive. The CA NGSS practices
require students to engage in cognitively and linguistically demanding tasks, including (but
not limited to) the following:
•

Reading analytically (e.g., science textbooks, research articles, arguments, Web pages,
biographies of scientists) to gain or extend ideas, integrate those ideas with thinking
from other sources, or assess the reasoning and evidence used to support a claim

•

Discussing ideas in collaborative conversations in order to explore questions; explain,
develop, or refine understandings; or argue for a particular position, using relevant
evidence

•

Writing concisely in a variety of genres (e.g., science journal, formal explanation) to
record, organize, synthesize, and communicate their ideas

•

Interpreting visual depictions of scientific phenomena and data (e.g., models, graphs,
diagrams) and visually representing their own understandings in deliberate ways (e.g.,
determining what data to show in a table, identifying the best visual representation of
concepts or data)

Each of these tasks helps students to refine and deepen their understandings of science
content and simultaneously expands their ability to use the language of science when
they express their ideas. These science discourse practices also present challenges for the
teachers of EL students since ELs are not only learning science and the language of science
but also English as an additional language. Research suggests that there are tangible ways
that teachers can support ELs to fully engage in academic instruction as they develop
advanced levels of English in science. This research, summarized below, suggests that
science instruction should include a strong focus on several critical areas.
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Critical Areas of Effective Science Instruction for English Learners
Effective instruction for ELs in science classrooms includes a strong and integrated focus on
•

meaningful interactions with intellectually challenging content and tasks that motivate

learners, stimulate their thinking and curiosity, and extend their understandings;
•

academic language and disciplinary literacy and their explicit instruction and frequent use;

•

strategic scaffolding that is both planned and “just-in-time,” based on learner needs, and

designed to move learners toward self-regulation and independence;
•

respect for and resourcefulness about the cultural and linguistic knowledge EL students bring

to school.
(Based on Anstrom et al. 2010; Cuevas et al. 2005; DiCerbo et al. 2014; Fang, Schleppegrell, and
Moore 2013; Fradd et al. 2001; Genesee et al. 2006; Greenleaf et al. 2011; Gomez-Zwiep et al.
2011; Lee 2005; Lee, Quinn, and Valdés 2013; Moje 2007; Spycher and Linn-Nieves 2014.)

The importance of designing and providing STEM instruction for ELs that incorporates
meaningful interactions with intellectually challenging content and tasks that motivate
learners, stimulate their thinking and curiosity, and extend their understandings has been
demonstrated in multiple studies. Meaningful interaction in K–12 science could include
generating and investigating questions about topics that matter to the students themselves
and the local community (e.g., the health of ecosystems, air quality) using multiple methods
(e.g., observing phenomena, interviewing experts and community members, carefully
reading and discussing research). It could also include engaging in structured, collaborative
tasks (e.g., a conversation with peers about a science journal article, constructing a written
argument with a peer, creating a mixed-media presentation in small groups). These types of
learning activities are common in expanded-learning programs and can be leveraged as an
important resource by classroom teachers.
California’s approach to ELD for EL students is a comprehensive one. This comprehensive
model includes both integrated and designated ELD, which means that all EL students
should receive CA ELD standards-based instruction that is integrated into STEM instruction
and also designated CA ELD standards-based instruction during a protected time and in
such a way as to meet their particular language learning needs. This model, as it related to
STEM, is depicted in table 10.2.
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Table 10.2. Integrated and Designated ELD
STEM instruction with
integrated ELD
(throughout the day):

Specialized instruction for ELs at a targeted
time, based on English language proficiency
levels and English language learning needs:

Integrated ELD

Designated ELD

All STEM teachers with ELs in
their classrooms use the CA
ELD Standards in tandem with
the focal CA NGSS, related CA
CCSS for ELA/Literacy, and
other content standards.

A protected time during the regular school day
in which teachers use the CA ELD Standards
as the focal standards in ways that build into
and from STEM content instruction in order to
develop critical language ELs need for STEM
learning in English.

Children and youth who are ELs face the unique challenge of learning English as
an additional language8 at the same time as they are learning science content through
English.9 This challenge creates a dual responsibility for all K–12 teachers of ELs. The first
responsibility is to ensure that all ELs have full access to the grade-level, intellectually rich
STEM curriculum. The second is to ensure that ELs rapidly develop advanced levels of
English in science, the type of English that is necessary for success with academic tasks and
texts in the sciences. To fulfill this dual responsibility, comprehensive ELD—both integrated
ELD and designated ELD—should be provided to all EL students.10
STEM instruction with integrated ELD means that STEM teachers use the CA ELD
Standards for guidance when they plan instruction, provide instruction, and reflect
on student learning (and their own instructional practice during instruction) following
instruction. Using the CA ELD Standards in planning involves many things, including
identifying the language demands of tasks and texts and then determining which CA
ELD Standards are most supportive for designing appropriate learning tasks and planned
scaffolding for ELs at different English language proficiency (ELP) levels. For example,
teachers might use a cluster of CA ELD Standards to decide how to group students for
collaborative conversations (ELD.PI.I) so that, for example, an EL student at the early

8. The term English as an additional language is used intentionally to signal that an explicit goal in California is for ELs to add
English to their linguistic repertoires and maintain and continue to develop proficiency in their primary language(s).
9. Some ELs are enrolled in alternative bilingual programs where they may be exclusively learning science in their primary
language or learning science in both their primary language and English.
10. Integrated and designated ELD may be unfamiliar terms. These new terms now encompass elements of previously used
terms such as sheltered instruction, SDAIE, or dedicated ELD. It is beyond the scope of this framework to identify all previously
used or existing terms, and readers should read the framework carefully to determine how the new terminology reflects or
differs from current terms and understandings.
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emerging ELP level is in a group with a student who speaks their primary language (and
can serve as a language broker when needed), as well as students who speak English
proficiently so that they can benefit from these English language models.
Integrated ELD during science has been found to be particularly effective for EL students
because these approaches typically afford EL students opportunities to
•

learn science content and English through meaningful interactions (e.g., through a
collaborative task, taking notes in a science journal);

•

communicate about science through English in multiple ways (e.g., in writing, orally,
using graphics, kinesthetically, using technology);

•

use the language of science in authentic and relevant ways, including specialized
grammatical structures and vocabulary;

•

learn about how science uses specialized language to communicate effectively (Lee et
al. 2006; Gomez-Zwiep et al. 2011; Merino et al. 2014; Spycher 2009).

During the planning for instruction, teachers might use the CA ELD Standards to design
language frames to support EL students to write or orally share about what they learned in
a collaborative task (e.g., We discovered that surface mining affects ______. Characteristics
of ___ include _____.) Teachers can design these language frames (and other scaffolding
techniques) in ways that support students to use more specialized scientific language
(ELD.PI.12a, ELD.PII.3, 7) and practice adapting their language choices (ELD.PI.4) to
science. Language frames should be used judiciously and are most useful when they are
open (allowing for elaboration, rather than merely inserting one word) and provided after
students have engaged in content- and language–rich tasks—tasks during which ELs use the
language they feel most comfortable using). The use of language frames should support,
rather than inhibit, the development of both content understanding and language.
Critically, planning for STEM instruction with integrated ELD begins with thinking about
the science content first, using the CA NGSS as guidance. This maintains the integrity and
rigor of the lesson or unit. Teachers may want to use framing questions when they plan
lessons and units, such as those provided in table 10.3.
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Table 10.3. Framing Questions for Science with Integrated ELD
FRAMING QUESTIONS FOR ALL STUDENTS
•

•

•

•

•

•

•

•

What are the big ideas and culminating performance
tasks of the larger unit of study, and how does this
lesson build toward them?
What are the learning targets/performance
expectations for this lesson, and what should
students be able to do at the end of the lesson?
Which clusters of CA NGSS and CA CCSS for ELA/
Literacy (and other content standards) does this
lesson address?
What background knowledge, skills, and experiences
do students have related to this lesson?
How complex are the texts and tasks to be used?
What are the language demands in these tasks
and texts?
How will students make meaning with the science
content, communicate effectively about it, and
develop language through the lesson or unit?

ADD FOR ENGLISH LEARNERS
•

•

•

•

•

What are the English language
proficiency levels of the students?
Which CA ELD Standards would
amplify the CA NGSS and CA CCSS
for ELA/Literacy in this lesson/
unit (at students’ English language
proficiency levels)?
What language might be new for an
individual or groups of students and/
or present particular challenges?
How will students interact in
meaningful ways through English?
How will students learn about how
English works in science?

What types of scaffolding, accommodations, or
modifications will individual students need for
effectively engaging in the lesson tasks?
How will learning be monitored during and after the
lesson, and how will that inform instruction?

Source: Adapted from CDE 2014a

Using the CA ELD Standards during instruction involves providing just-in-time scaffolding
where teachers are able to observe their students carefully and step in to provide the
appropriate levels and types of support when needed—and also knowing when not to step in
too soon. Science learning affords many opportunities to engage in formative assessment, a
process and an integral part of instruction, which provides both teachers and students ongoing
feedback they can use to fine-tune instructional strategies or adjust learning approaches. The
CA ELD Standards teachers use as they plan instruction can also help them determine what
they are looking for in student learning and how they will provide just-in-time scaffolding to ELs
when needed. By reflecting on the student learning directly relevant to the CA ELD Standards,
as well as the effectiveness of the scaffolds and strategies used with individual students during
instruction, teachers can further EL students’ success in STEM coursework. This reflective
practice allows teachers to make intentional choices about next steps for their EL students.
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Designated ELD is a protected time where ELs receive targeted instruction based on their
particular language learning needs, in ways that build into and from content instruction.
There are different approaches to providing such instruction to build into and from STEM
instruction. For example, in elementary school, teachers might work collaboratively to
“regroup” their EL students for brief periods of time during the day, such that one teacher
provides instruction to EL children at the Emerging ELD level, another teacher provides
instruction to children at the Expanding level, and still another works with children at the
Bridging level. In secondary schools, grouping EL students becomes more complex, as
educators also ensure that EL students remain engaged in academic instruction, including
STEM, and partake in courses such as the arts. All schools should make informed and
intentional decisions about how they provide both integrated and designated ELD to all
of their EL students. For examples of approaches see the Integrated and Designated ELD
section of this chapter, elsewhere in this framework, and the CA ELA/ELD Framework.
All students need to develop the abilities to engage with academic language and
disciplinary literacy in science, and for ELs, schools and expanded learning opportunities
play a critical role in supporting this development in English. A focus on the language of
science is critical for ELs’ success in the discipline of science. This is because the English
language is the medium in which most science teaching and learning takes place in schools,
the medium through which we transform and develop our thinking from everyday, or
common sense, understandings of phenomena, to more scientific ones. Content knowledge
is embedded in the language used in STEM texts and tasks (e.g., in the domain-specific
vocabulary and complex grammatical structures in both oral and written discourse, as well
as in the language used in media and visuals). By the same token, language conveys the
science content knowledge writers and speakers wish to impart (e.g., the way in which an
argument is constructed to persuade others to accept a claim, how data are represented
through language). This dual relationship demonstrates how language and content are
inextricably linked, how language is a resource for construing meaning, and how language
is not merely facts written down (Halliday 1993). In other words, language and literacy are
fundamental to both scientific understanding and scientific literacy.
For these and other reasons, language has been referred to as the hidden curriculum, and
when the language of science remains hidden to EL students, science learning is hindered.
From this perspective, success in STEM has much to do with success in language. Teachers
who understand how English works to make meaning in science—that is, what the lexical,
grammatical, and discourse features of oral and written science texts are and how they convey
particular meaning—are in a better position to guide their EL students to more fully understand
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these features. Explicit attention to the language of science—in purposeful ways that focus
on building language knowledge and skills in the service of building content knowledge—can
support their students to fulfill their linguistic and academic potential in science subjects.

Scaffolding
Scaffolding may benefit many students, but it is essential for EL students, students with
disabilities, struggling readers, and other students who may occasionally need moderate to
substantial assistance. Teachers should provide strategic scaffolding adjusted to students’
particular learning needs, to ensure new concepts and tasks remain within each student’s
zone of proximal development (Vygotsky 1978). When scaffolding instruction and tasks for
EL students, teachers should use the CA ELD Standards as a guide. Scaffolding is focused
on supporting students’ self-regulation, gradually decreasing support so that students can
become independent with science tasks and texts (Wood, Bruner, and Ross 1976). In recent
reviews of scaffolding, a conceptual model for scaffolding with three essential characteristics
has emerged: contingency, fading, and transfer of responsibility (Van de Pol et al. 2010 as
cited in Merino et al. 2014).
Contingent scaffolds are tailored to learners at their individual level of performance to the
degree possible as differentiated support. Fading refers to the need for teachers to reduce
the support as students move toward independent performance. Transfer of responsibility is
viewed as an essential step to ensure that students move toward independent performance.
This view of scaffolding suggests that the teacher must adapt support to fit students’ needs
on an ongoing basis. (Merino et al. 2014, 24)

As Merino et al. (2014) note, fading—the gradual withdrawal of the scaffolding—is a
critical, yet often misunderstood and neglected step in the scaffolding process. This sometimes
results in a sense of overscaffolding, where too much support and not enough productive
struggle becomes a metaphorical crutch that keeps students reliant on teacher assistance.
The alternative is to structure opportunities for students to attempt and complete tasks
increasingly independently; by doing this, the teacher provides a ladder students can make
use of toward independence. Scaffolding does not change the intellectual challenge of the task
but instead allows learners to successfully participate in or complete the task in order to build
the knowledge and skills to be able to perform the task independently at some future point.
Scaffolding for all students is composed of two main categories: planned and just-intime. Planned scaffolding11 is what teachers prepare and do in advance of teaching to
11. There are many ways to categorize scaffolding. The terms used here are adapted from Hammond and Gibbons (2005), who
refer to designed-in and interactional scaffolding. Designed-in (or planned) scaffolding refers to the support teachers consciously
plan in advance. Interactional scaffolding refers to the support teachers provide continuously through dialogue during instruction
or other interaction.
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promote access to academic and linguistic development. This planned scaffolding in turn
allows teachers to provide just-in-time scaffolding during instruction. This flexibly meets
students’ needs. This type of scaffolding occurs when teachers engage in in-the-moment
formative assessment, closely observing their students’ responses to instruction and
providing support, as needed. Examples of planned and just-in-time scaffolding as they
pertain to ELs are provided below.

Planned and Just-In-Time Scaffolding
Examples of planned scaffolding include, but are not limited to, the following:
• Taking into account what students already know, including primary language and culture,
and relating it to what they are to learn
• Selecting and sequencing tasks, such as providing adequate levels of modeling and
explaining, and ensuring students have opportunities to apply learning (e.g., guided
practice)
• Planning for opportunities to frequently check for understanding during instruction, as
well as thinking ahead about how to gauge progress throughout the year
• Choosing texts and tasks carefully for specific purposes (e.g., to motivate, build content
knowledge, provide opportunities for students to grapple with and discuss new concepts,
expose students to technical language, or to challenge students to work at a higher level
of text complexity)
• Providing a variety of opportunities for collaborative group work where all students have
an equitable chance to participate
• Constructing questions that are worth discussing and that promote critical thinking and
extended discourse
• Using a range of information systems, such as graphic organizers, diagrams,
photographs, videos, or other multimedia to enhance access to content
• Providing students with language models, such as sentence frames/starters, academic
vocabulary walls, language frame charts, exemplary writing samples, or teacher language
modeling (e.g., using academic vocabulary or phrasing)
Examples of just-in-time scaffolding include, but are not limited to,
the following:
• Prompting a student to elaborate on a response in order to clarify thinking or to extend
their language use
• Paraphrasing a student’s response and including target academic language as a model
while, at the same time, accepting the student’s response using everyday language or
the variation of English students speak at home
• Adjusting instruction on the spot based on data collected during frequent checking for
understanding
• Linking what a student is saying to prior knowledge or to learning to come (previewing)
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While scaffolding is an integral component of effective instruction for all students, the CA
ELD Standards provide general guidance on degrees of scaffolding for ELs at different English
language proficiency levels. In the CA ELD Standards, the three overall levels of scaffolding
that teachers provide to ELs during instruction are substantial, moderate, and light. ELs at
the Emerging level of English language proficiency will generally require more substantial
support to develop capacity for many academic tasks than will students at the Bridging level.
This does not mean that these students will always require scaffolding for every task.
English learners at every level of English language proficiency will engage in some
academic tasks that require light or no scaffolding because they have already mastered the
requisite skills for the given tasks; similarly, students will likely also engage in some academic
tasks that require moderate or substantial scaffolding because they have not yet acquired the
cognitive or linguistic skills required to complete the task. For example, when a challenging
academic task requires students to extend their thinking and stretch their language,
students at Expanding and Bridging levels of English language proficiency may also require
substantial support. Teachers and education support professionals need to provide the level
of scaffolding appropriate for specific tasks and learners’ cognitive and linguistic needs, and
students may need more or less support, depending on these and other variables.
English learners bring unique resources to the science classroom: their primary languages
and cultures. All teachers should demonstrate respect and resourcefulness in leveraging
these linguistic and cultural resources as “funds of knowledge” (Moll and Gonzalez 1994)
for learning science. Teachers can do many things to support ELs as they develop English
through the strategic use of primary-language resources. For example, during collaborative
conversations with peers, ELs who are relatively new to English can share ideas in their
primary language as they gain proficiency and confidence in learning how to express the
same ideas in English. ELs who can read in their primary language can read science texts
in that language to maintain grade-level proficiency. In addition to allowing the use of the
primary language in classrooms, teachers can provide brief oral or written translations when
appropriate and draw ELs’ attention to cognates (words that are the same or similar in
spelling and share the same meaning in the primary language and in English).

Integrated and Designated ELD in Action
The CA ELD Standards were designed to support all content teachers as they plan
and provide instruction for ELs that focuses on each of these critical areas: structuring
meaningful interactions with intellectually challenging content and tasks and developing
academic language and disciplinary literacy, while providing strategic scaffolding. The
standards describe the key knowledge, skills, and abilities in critical areas of ELD that
2016 California Science Framework
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ELs need to develop in order to be successful in school. Part I of the CA ELD Standards,
Interacting in Meaningful Ways, provides guidance on how to support ELs to engage
meaningfully with science content in collaborative, interpretive, and productive ways. Part II
of the CA ELD Standards, Learning About How English Works, offers teachers guidance on
how to support their ELs to develop deep understanding of and proficiency using academic
English in a range of disciplines, including science. The goal of Part II of the CA ELD
Standards is to guide teachers to support ELs in ways appropriate to a student’s grade level
and English language proficiency level (Emerging, Expanding, Bridging), to do the following:
•

Make meaning from the written and oral texts they encounter in order to better
understand them

•

Make informed and deliberate choices about how to use English effectively and
purposefully, based on discipline, topic, audience, task, and type of communication
(e.g., a conversation between peers, a written argument, a science journal entry)

The following snapshots illustrate brief examples of integrated and designated ELD in the
content area of science and are not meant to be prescriptive or to provide a comprehensive
portrait of a comprehensive approach to ELD. Lengthier examples of integrated and
designated ELD can be found in the grade-span chapters of this framework as well as in the
CA ELA/ELD Framework.

Access and Equity Snapshot 10.6:
Learning about Insects in Kindergarten—
Integrated and Designated ELD in Life Science
Mr. H taught science daily, and he frequently provided opportunities for
his kindergarteners to explore science concepts using models and real
objects (e.g., real earthworms and soil, toys with wheels). During science
instruction, the children regularly observed the natural world in the school
garden, at the science literacy station, and elsewhere. They recorded their observations
in their science journals and frequently discussed their observations and ideas with
one another in pairs and small groups. Mr. H also read aloud daily multiple science
informational texts and sometimes showed videos and other media containing information
on the science concepts in focus. Some of the language in the science texts and tasks
that were new for many of his EL students were domain-specific vocabulary (e.g., soil,
root, stem, germination, sprout), general academic vocabulary (e.g., emerge, develop,
delicate), and prepositional phrases (e.g., in the ground, for three weeks).
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Access and Equity Snapshot 10.6:
Learning about Insects in Kindergarten—
Integrated and Designated ELD in Life Science
Mr. H provided structured opportunities for his EL students to use the new science
language they were learning, and he used the CA ELD Standards to guide his instructional
planning and to ensure that he was integrating ELD meaningfully during science
instruction. For example, during a science unit on insects, in their “insect discovery
lab,” the students observed real insects, including butterflies, ladybugs, mealworms,
ants, grasshoppers, and walking sticks, as well as models of insects (e.g. large plastic
models of ants and bees, for example). During their observations, Mr. H encouraged the
students to describe to one another what they observed, using whatever language they
were comfortable using and as much detail and precision as they could regarding the
insects’ bodies and behaviors. Occasionally, as he listened to the students’ conversations
and determined particular students were capable of using more technical terms, such as
domain-specific vocabulary they had been learning from books and videos (e.g., antennae,
wings, abdomen), he gently prompted them to use the new language. Sometimes, he
asked the students to use open sentence frames in their discussions, frames that contain
domain-specific and general academic vocabulary, as well as increasingly complex
grammatical structures (e.g., When the bee lands on the flower, ___). Each day, he asked
the students to record what they observed and discussed in their science observation logs,
using drawings, labels, and short observation notes. This use of the CA ELD Standards
during science instruction (with integrated ELD) supported Mr. H’s students who are ELs
(as well as other students) to adopt and use the new language of science in meaningful
ways.
For designated ELD instruction, Mr. H varied his approaches depending on the group
with which he was working. For example, he discussed with all of the EL children different
ways in which they could select particular language resources (such as vocabulary or
grammatical structures) and expand and enrich their ideas to be more precise and
detailed when they orally described the insects they were learning about. However, he
knew from observing his students during their conversations what new language individual
students were ready to be encouraged to use more strategically, and he used the CA ELD
Standards to plan these differentiated lessons to focus students’ attention on the language
of science.
For students at the Emerging level of English language proficiency—those who are very
new to English—sometimes he structured opportunities for them to use precise, domainspecific vocabulary (e.g., larva, thorax) to be more precise in their oral descriptions of the
insects. On other days, he encouraged them to add a familiar adjective (e.g., big, small,
green) to provide more detail. On some days, he encouraged the students to use simple
prepositional phrases (e.g., on the leaf, in the tunnel) so that they could be more specific
when they discussed and wrote about what they had observed. Mr. H worked with the
small group of his EL students at the Emerging level at the teacher table while the other
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Access and Equity Snapshot 10.6:
Learning about Insects in Kindergarten—
Integrated and Designated ELD in Life Science
students in the class worked together in pairs or triads at science literacy stations. He
provided large photos of insects in their natural habitats, models, hand-drawn charts, and
real insects in contained environments (e.g., butterfly house) to prompt the students to
share words, phrases, and sentences about what they had observed, which he charted
in front of the children. He occasionally modeled for them, and he encouraged them
to use the new language they were learning and using during the daily teacher readalouds, chants and songs, and science tasks. When he worked with his EL students at
the Expanding level, he also used visuals and highly interactive tasks, focusing on oral
language development but also incorporating some print. Using the CA ELD Standards, he
stretched this group of students to extend their language use in more sophisticated ways.
For example, in one lesson, he showed the students how to expand and enrich their ideas
by adding prepositional phrases (e.g. with full pollen baskets and around the flowers) to
sentences such as The bee is flying. Through careful observation, he knew this group of
students was ready to use this type of language, and he explained to them how adding
these phrases would give listeners and readers much more detail about the observations
they were making, thus providing them with a communicative purpose for using the
new language. Mr. H said that adding these details when they tell and write, helps the
audience create a clearer and more interesting picture of the insects.
Mr. H used the pocket chart as he recorded the ideas the students offered for enriching
and expanding a base sentence, and then the group discussed how to put the ideas
together. Mr. H read and reread the phrases and sentences with the students as he knew
that not all of the students were able to independently read them.
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Access and Equity Snapshot 10.6:
Learning about Insects in Kindergarten—
Integrated and Designated ELD in Life Science
The bee is flying. (base sentence)
The bee drinks.
with full pollen baskets

around the flowers

in the garden

with four wings

around the classroom!

in the vegetable garden

The bee with the full pollen baskets is flying.
The bee is flying around the flowers.
The bee with full pollen baskets is flying around the flowers.

The bee with full pollen baskets is flying around the flowers in the vegetable garden.

The bee with full pollen baskets is flying around the classroom!

As the lesson progressed, Mr. H noted that phrases that started with the word with told
more about the bee, so those phrases would go right after the word bee. Samuel noticed
that phrases that started with the words around and in were telling where the bee was
flying, and the group agreed that those phrases would go somewhere after the word
flying but not after bee. The children experimented with orally expanding and enriching
other base sentences using photographs and other visuals.
On other days, Mr. H worked with each of his groups of EL students to connect their
ideas by combining sentences. He guided students at the Emerging level of English
language proficiency to construct the following types of compound sentences:
Bees are insects. Bees make honey. → Bees are insects, and they
make honey.
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Access and Equity Snapshot 10.6:
Learning about Insects in Kindergarten—
Integrated and Designated ELD in Life Science
When he worked with his EL students at the Expanding level of English language
proficiency, he guided them to construct the following types of complex sentences, which
were slightly more grammatically complex:
Bees are insects. Bees are special kinds of insects. Bees make
honey. → Bees are special kinds of insects that make honey.
Mr. H encouraged all of his EL students to use the language they had been learning
in designated ELD during science. He observed them carefully as they engaged in lively
discussions and recorded their ideas in their journals. He noticed that over time many of
the students were “taking up” the language of science and using it meaningfully to both
deepen their understandings of the concepts and to express their ideas effectively.
Source: Adapted from CDE 2014a, Snapshot 3.6
CA NGSS: K LS1-1—Use observations to describe patterns of what plants and animals

(including humans) need to survive.
Science and
Engineering Practices
[SEP-4] Analyzing and
Interpreting Data
Analyzing data in K–2 builds
on prior experiences and
progresses to collecting,
recording, and sharing
observations.
•

Use observations
(firsthand or from media)
to describe patterns
in the natural world in
order to answer scientific
questions.

Disciplinary
Core Ideas

Crosscutting
Concepts

LS1.C: Organization for
Matter and Energy Flow in
Organisms
•

All animals need food
in order to live and
grow. They obtain
their food from plants
or from other animals.
Plants need water and
light to live and grow.

[CCC-1] Patterns
Patterns in the natural and
human-designed world can
be observed and used as
evidence.

Related CA CCSS for ELA/Literacy: RI.K.1–2; SL.K.2, 3, 5; W.K.2; L.K.4, 6
CA ELD Standards: ELD.PI.K.6, 12b; ELD.PII.K.4–6
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Access and Equity Snapshot 10.7:
Learning about Earthquakes in the Seventh Grade—
Integrated and Designated ELD in Earth Science
The seventh-graders in Ms. L’s science class were learning about plate
tectonics, and they had gathered information about how plate tectonics
relates to earthquakes in California. The students had already engaged in
several tasks to learn about the topic, including working in pairs to create
a labeled diagram to show the plates’ locations and movements, discussing in small
groups the texts they had read and Web sites they had viewed on the topic, and writing
descriptions, explanations, and summaries in their science journals. Their conversations
were particularly animated as the school was located not far from the epicenter of a
recent earthquake, and the students had much to say about their experiences.
Ms. L worked collaboratively with the school’s ELD specialist, Mr. T. During studentled conversations, both teachers had noticed that eight of their EL students at the
Expanding level of English language proficiency did not seem to be fully participating in the
conversations. They had also noticed that these students’ science journal entries were very
short, with simple sentences that did not contain much detail or precision. The teachers
determined that, while the students were very comfortable using conversational English in
class discussions and writing about things they were very familiar with, the students did
not seem to be using the language of the new science topic in conversation or writing.
Based on their observations, the teachers worked together, using the CA ELD Standards
and the CA NGSS, to identify where to focus their instructional attention so that this group
of students could fully benefit from the science instruction as the unit progressed and could
express their ideas effectively using the language of the science topic.
In their analysis of the students’ science journal entries and conversations, Ms. L
and Mr. T found that some of the language they would like to see the students using,
because it is language that is important for understanding the science, was missing. This
language included domain-specific vocabulary (e.g., mantle, lithosphere, subduction),
general academic vocabulary (e.g., distribution, movement, relative), adverbials (e.g.,
along breaks in the crust, at the rate of), and complex sentence structures that show
relationships between ideas (e.g., a cause-effect relationship as in: When one plate
is subducted under the other plate, a deep ocean trench is produced.). The teachers
felt that their EL students were capable of learning these more academic ways of using
English in science and that it was critical for them to feel confident using the language
to effectively express their understandings. Moreover, the teachers felt that the students’
understandings of the plate tectonics might be adversely affected if they did not fully
understand the science language.
The teachers decided that Ms. L would focus on explicitly teaching some of the critical
domain-specific and general academic vocabulary during instruction for all students as
she felt that most of the students in the class would also benefit from more instructional
attention to the words. They decided that Mr. T would work with the group of eight ELs at
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Access and Equity Snapshot 10.7:
Learning about Earthquakes in the Seventh Grade—
Integrated and Designated ELD in Earth Science
a designated time during the week while the rest of the class was engaged in collaborative
tasks or working with Ms. L in a small group. He would address the complex grammatical
structures of some of the sentences students have encountered in their science texts.
He strategically selected sentences that were critical for understanding the science, that
were particularly challenging to understand due to their grammatical complexity, and
that contained vocabulary and other language features (e.g. long noun phrases) that the
teachers would like to see more of in the students writing and speaking.
Mr. T began by explaining to the students that the types of sentences they would be
analyzing were challenging to disentangle (sometimes even for him). Next, he showed the
students a technique he used when he came to a challenging sentence on an unfamiliar
topic. The first thing he does is to stop and “unpack” the sentence to get at all of the
meanings in it. He modeled how to do this with a sentence from a text the students had
read earlier in the week.
“The relative amount of energy released by an earthquake, its
magnitude, can be measured by an instrument called a seismograph.”
Mr. T thought aloud as he unpacked the meanings in the sentence using everyday
conversational English (e.g., “There’s some energy, and it’s getting released. Not all of
it is getting released, only a certain amount”). He explained the meaning of the word
relative, which in the science text had a different meaning than the way the word is used
in everyday conversations. He reminded them that they had seen the word magnitude
many times already in the unit, and he showed them how the text actually provided the
meaning of the word right before it. He told them that this way of providing descriptions
of technical science words, appositives, is something they will see often in their science
texts. He invited the students to join in and tell him what other meanings they saw, and
he wrote all of their ideas on chart paper. Next, he had the students work in pairs to
unpack other sentences from the texts they had read. After a few minutes, he asked the
partners to compare what they found with the other pairs, and he facilitated a discussion
about all the different meanings the students had found in the densely packed sentences.
Once they had focused on all of the meanings that were packed into the sentences,
Mr. T showed the students why sentences such as the ones he had selected were
sometimes difficult to understand. On another day, he focused on long noun phrases since
many science texts contain this type of language to provide detail and precision about
things, or nouns. He explained to the students that a long noun phrase is simply a noun
with words that come before or after it to provide more information about the noun. He
showed them the boundaries of the noun phrases in one of the sentences the students
just unpacked by underlining them, and he identified where the main noun was and
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Access and Equity Snapshot 10.7:
Learning about Earthquakes in the Seventh Grade—
Integrated and Designated ELD in Earth Science
highlighted it in bold. He pulled out just the main nouns of each long noun phrase and
created a grammatically simpler sentence, which he wrote below the original one. The
sentence Mr. T discussed with the students, with the long noun phrases in italics and main
noun in bold italics, is provided below.
The relative amount of energy released by an earthquake, its
magnitude, can be measured by an instrument called a seismograph.
The amount can be measured by an instrument.
Mr. T facilitated a discussion with the students about how the words that come before
or after the main noun provide more detail and precision and enhance the meaning of the
entire sentence.
Sylvia shared, “With the simpler sentence, it was easy to understand it, what it means.
But there was a lot of details missing, and I think the details are important to understand
how the earthquakes release an amount of energy, called magnitude. And the amount of
energy, you can measure it with a special instrument called a seismograph. If you don’t
have all those details, you can’t really understand what magnitude is.”
Mr. T asked the students why they thought that unpacking the meanings in sentences
and finding the boundaries of the long noun phrases might be useful for them.
Ana responded, “I think it could help us slow down so we can really understand what
the important things in the sentences are, what the details are. There are a lot of hard
words in the sentences, but if I know some of them and can figure out how they are
working together, maybe I can understand what the sentence means better.”
Chue added, “When we looked at how the long noun phrases, how they add a lot
more information, I think I can use some of those ideas, some of those words, when we
have to write in the science journal.”
Mr. T acknowledged these comments and challenged all of the students to (a)
begin using the sentence-unpacking technique from time to time when they come to a
challenging sentence and (b) to use more long noun phrases when they are writing about
or discussing plate tectonics and earthquakes.
Ms. L and Mr. T met later to reflect on how their approach worked. They shared that they
would both observe the students closely in discussions and also look at their science journals
to see if they were “taking up” the language the teachers had focused on during instruction.
Sources: US Geological Survey (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link33).
Adapted from CDE 2014a, Snapshot 6.6.
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CA NGSS: MS-ESS2-2: History of Earth: Construct an explanation based on evidence for how

geoscience processes have changed Earth’s surface at varying time and spatial scales.
Science and
Engineering Practices

Disciplinary
Core Ideas

Crosscutting
Concepts

[SEP-6] Constructing
Explanations (for science)
and Designing Solutions (for
engineering)

ESS2.A: Earth’s Materials and
Systems

[CCC-3] Scale Proportion and
Quantity

The planets’ systems interact
over scales that range
from microscopic to global
in size, and they operate
over fractions of a second
to billions of years. These
interactions have shaped
Earth’s history and will
determine its future.

Time, space, and energy
phenomena can be observed
at various scales using
models to study systems that
are too large or too small.

Construct a scientific
explanation based on
valid and reliable evidence
obtained from sources
(including the students’
own experiments) and the
assumption that theories
and laws that describe the
natural world operate today
as they did in the past and
will continue to do so in the
future.

ESS2.C: The Role of Water in
Earth’s Surface Processes
Water’s movements—both on
the land and underground—
cause weathering and
erosion, which change the
land’s surface features
and create underground
formations.

CA CCSS for ELA/Literacy: RI.7.3-4; L.7.1, 3, 6
CA ELD Standards: ELD.PI.7.6a, c, 8, 12a–b; ELD.PII.7.4–7

For more information on integrated and designated ELD and for additional examples of
instruction, see the grade-span chapters in this framework as well as the California ELA/ELD
Framework.
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Supporting Students Experiencing Difficulty
with Literacy in Science and Engineering
In this section, guidance is provided regarding research-based instruction for students
who are experiencing difficulty in science and engineering course work. Before any
approach to supporting students experiencing difficulty in STEM course work is undertaken,
the reason for the difficulty must be accurately diagnosed. As for students with disabilities,
the largest group of students is composed of those with specific learning disabilities, which
often involve difficulty reading. In addition, many students without disabilities demonstrate
challenges with reading their science and engineering texts. Sometimes, disrupted prior
learning experiences may have resulted in gaps in foundational knowledge. Low motivation
and engagement can also lead to difficulties in succeeding in STEM learning.
What is appropriate for individuals will vary depending on many factors, including
the particular academic learning needs, age, language proficiency in English and in the
primary language, cultural and linguistic backgrounds, and past experiences (including
prior schooling) of individual students. Instruction should take place in the context of a
supportive, respectful environment that communicates high expectations of all students.
Furthermore, attention needs to be paid to student motivation and to students’ social and
emotional learning needs, as this enhances their academic development.12
Maintaining students’ positive engagement with school is critical for all students—and
even more so for students who might feel alienated or unsuccessful. Helping students
develop a growth mind-set, in which they believe that through effort and instruction
their intellectual ability can grow (Dweck 2010), is essential. Some general guidelines for
establishing learning environments that are motivating and engaging for all students are
presented below.

12. To learn more about social and emotional learning, see the Collaborative for Academic, Social, and Emotional Learning
(CASEL) Web site (http://www.cde.ca.gov/ci/sc/cf/ch10.asp#link34), which includes a library of resources for teachers and
leaders.
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Motivation and Engagement
Educators should keep issues of motivation and engagement at the forefront of their work
to assist students in developing a growth mindset and finding academic success in school.
The panel report Improving Adolescent Literacy: Effective Classroom and Intervention
Practices (Kamil et al. 2008) makes clear the importance of addressing motivation and
engagement throughout the grades and recommends the following practices in classrooms
with adolescents:
1. Establish meaningful and engaging content-learning goals around the essential ideas of a
discipline as well as the specific learning processes students use to access those ideas.
• Monitor students’ progress over time as they develop more control over their thinking
processes relevant to the discipline.
• Provide explicit feedback to students about their progress.
• Set learning goals. When students set their own goals, they are more apt to fully
engage in the activities required to achieve them.
2. Provide a positive learning environment that promotes students’ autonomy in learning.
• Allow students some choice in learning tasks.
• Empower students to make decisions about topic, forms of communication, and
selections of materials.
3. Make learning experiences relevant to students’ interests, everyday life, or important
current events (Guthrie et al. 1999).
• Look for opportunities to bridge the activities outside and inside the classroom.
• Find out what your students think is relevant and why, and then use that information
to design instruction and learning opportunities that will be more relevant to students.
• Consider constructing an integrated approach to instruction that ties a rich conceptual
theme to a real-world application.
4. Build in certain instructional conditions, such as student goal setting, self-directed
learning, and collaborative learning, to increase reading engagement and conceptual
learning for students (Guthrie et al. 1999; Guthrie, Wigfield, and VonSecker 2000).
• Make connections between disciplines, such as science and social studies or English
language arts, taught through conceptual themes.
• Make connections among strategies for learning, such as searching, comprehending,
interpreting, composing, and teaching content knowledge.
• Make connections among classroom activities that support motivation and social and
cognitive development.
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Contributing to the motivation and engagement of diverse learners, including English
learners, is the teachers’ and the broader school community’s recognition that students’
primary languages, dialects of English used in the home, and home cultures are resources
to value in their own right and also to draw upon in order to build proficiency in English
(De Jong and Harper 2011, 73–90; Lindholm-Leary and Genesee 2010). Teachers can do
the following:
•

•

•

•

•

Create a welcoming classroom environment that radiates respect for individual
students, their families, their communities, and cultural and linguistic diversity in
general.
Get to know students’ cultural and linguistic backgrounds and how individual students
interact with their primary language, home dialect, and home cultures.
Use the primary language or home dialect of English, as appropriate, to acknowledge
them as valuable assets and to support all learners to fully develop academic English
and engage meaningfully with the core curriculum.
Use texts that accurately reflect students’ cultural, linguistic, and social backgrounds so
that students see themselves in the curriculum.
Continuously expand one’s own understandings of culture and language so as not to
oversimplify approaches to culturally and linguistically responsive pedagogy.

Source: Adapted from CDE 2014a, figure 7.2

For more suggestions regarding student motivation and engagement and culturally and
linguistically responsive approaches, see the CA ELA/ELD Framework.
Support for students experiencing difficulty begins with close attention to students’
STEM background knowledge and skills, their academic progress over the course of the
current and prior school years, and, for ELs, consideration of primary language proficiency
as well as English language production and literacy skills. For students who are experiencing
difficulty with literacy, teachers should attend to the guidance provided on disciplinary
literacy in science in other chapters in this framework as well as to the recommendations
provided in the CA ELA/ELD Framework. Importantly, the CA CCSS for ELA/Literacy and the
CA ELD Standards are intended to provide guidance to teachers of all disciplines to support
literacy development in their content course work.
Ideally, students complete the primary grades with a strong command of foundational
skills; a rapidly expanding vocabulary; increasingly complex syntactic structures; a developing
body of content knowledge; the ability to comprehend and communicate about a variety of
text types at their grade level (including making inferences and making connections with
other texts and knowledge); and an interest in engaging with a range of text types, both as
consumers and composers. This early, solid foundation best positions all learners for success
not only in a K–12 setting but in their eventual college and career choices.
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However, even when learners receive the highest quality, differentiated first instruction,
some may experience difficulty interpreting the increasingly complex science and
engineering texts and content they encounter as they progress into and through secondary
schooling. Science and engineering teachers can implement tangible instructional actions
to support their students to engage more meaningfully with the texts used in content
instruction so that students can better comprehend and convey their understanding of
content knowledge (Duke et al. 2011, 51–93; Gibbons 2009; Fang, Schleppegrell, and
Moore 2013; Vaughn et al. 2012):
1. Integrate strategies that support cognitive processing (e.g., self-regulation and
memory activation) with academic instruction by
•

thinking aloud to demonstrate, for example, approaches to a task and reflections on
a text while reading;

•

teaching students to use self-regulation strategies by, for example, asking what they
do when their comprehension of a text breaks down and providing options for what
they could do;

•

explicitly teaching memory enhancement techniques, such as taking notes and
using graphic organizers or other text organizers to organize complex content
information;

•

providing task-specific feedback (e.g., “your use of the words refraction and resulted
in in your report helped you to convey your ideas very clearly to your readers”)
rather than person-directed feedback (e.g., “you are a good writer”) so students
attribute success to effort and behavior rather than personal, fixed abilities.

2. Intensify meaningful interaction with content by
•

structuring opportunities for students to work together on collaborative tasks,
focusing particularly on equitable interaction as a means to increase motivation;

•

providing explicit instruction, including clear explanations and teacher modeling;

•

making instruction systematic, which includes breaking down complex skills into
manageable chunks and sequencing tasks from easier to more difficult with
appropriate levels of scaffolding, based on identified student needs;

•

providing students with frequent opportunities to apply what they’ve learned, ask
questions, and take risks, with supportive and “in-the-moment” teacher feedback;

•

providing students with opportunities to apply learning through guided practice,
independent practice, and peer collaboration.
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3. Attend to disciplinary literacy by
•

using reading selections that serve to discuss with students how language is used
in science and engineering (e.g., vocabulary, text structure and organization, how
ideas are “packaged” in sentences and paragraphs);

•

providing students with opportunities to explore how science and engineering texts
work (e.g., language analysis: unpacking the meanings in grammatically complex
sentences; connecting text to information presented in diagrams and graphs;
identifying text connectives, nominalization, and other language resources);

•

engage students in language–based activities that simultaneously build content
knowledge (e.g., explicit vocabulary introduction and discussion in the context of
activities and diagrams, reconstructing and deconstructing texts);

•

support and provide time for students to discuss the language and multimodal
aspects of science texts and how they convey science and engineering meanings.

4. Intensify instructional time by increasing
•

frequency of instruction (e.g., extended day or school year, tutoring before or after
school) and

•

length of instructional sessions (e.g., extending a 20-minute science lesson in order
to provide sufficient time for discussion).

For more information on scaffolding, disciplinary literacy, reading interventions, and
other topics related to supporting students experiencing challenges with literacy, see the
CA ELA/ELD Framework.

Conclusion
The CA NGSS offer a vision of science and engineering teaching and learning that
presents both opportunities and challenges for all students. California is committed to
ensuring equity and access in all classrooms so that each California student can thrive
in science and engineering and achieve the high standards established by the CA NGSS.
Ensuring that all learners achieve their highest potential is a challenging and multi-faceted
endeavor, but it is one that can be accomplished by knowledgeable, skillful, and dedicated
teams of educators who work closely with families and equally dedicated communities. Our
children and youth deserve no less, and our state and nation will be stronger as a result.
The academic rigor, language and literacy intensity, and high expectations of the CA
NGSS may be less familiar to many teachers than conventional or traditional teaching
practices, and they require shifts or refinements in teaching. These shifts are parallel to
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and consistent with shifts for teaching the CA CCSS for ELA/Literacy and mathematics and
the CA ELD Standards. Effective implementation of the CA NGSS for all students will also
require shifts in support systems established by schools and districts as the responsibility
for the success of California’s children and youth in science and engineering is a shared
one. Critical components of support systems include effective preparation and on-going
professional learning for teachers and principals that address equity and access not as
an afterthought but as a regular part of the school and district culture. Other support
elements include adequate time, space, and resources (e.g., equipment and consumable
materials) devoted to science in all schools; public-private-community partnerships to
support student science learning in and out of school time; formal and informal learning
experiences coordinated among community stakeholders; and both technology resources
and network infrastructures that include cyber-learning opportunities, access to digital
resources, online learning communities, and virtual laboratories. To achieve equity in
science and engineering, these support systems should be instilled into each and every
school district and school in California.
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Introduction

T

he California Next Generation Science Standards (CA NGSS) shift
expectations from simply knowing about science to being able to
engage in rich science experiences. Teachers must support that shift

with the tools and techniques they use in their classrooms. This chapter
illustrates strategies that align with the three-dimensional learning goals
of the CA NGSS and prompts teachers to reflect on successful elements of
their own teaching so that they can make informed choices about which
strategies to employ in their own classrooms. Instructional strategies
operate at many levels in an educational experience. An instructional
strategy is a teaching method that activates students’ curiosity about a
topic and engages students in learning. It helps them develop their critical
thinking skills, keeps them on task, and engenders purposeful and sustained
classroom interaction. In general, an effective instructional strategy should
enable and enhance students’ learning of course content.
This chapter outlines research-based strategies that operate at a range
of scales including broad frameworks for thinking about science learning,
principles of curriculum design, tools for lesson planning, and minute-byminute instructional techniques. These tools should be integrated with the
classroom assessment strategies in chapter nine.

Key Instructional Shifts—
Student-Centered Learning Environments
Chapter one of this framework describes three essential elements of
CA NGSS instruction that were not given explicit emphasis in California’s
previous science standards. The CA NGSS are
•

three-dimensional—students engage in scientific inquiry of phenomena
using all three dimensions of NGSS;

•

coherent across the curriculum—learning builds upon itself from year
to year, and science integrates with other parts of the curriculum; and

•

relevant to local communities and student interests—content and
practices build on students’ existing experience to learn about and
solve real-world societal and environmental problems.
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Students benefit the most from these elements when their ideas and questions are at
the center of instruction. It is the teacher’s role to provide the context and the support
to develop, modify, and use student ideas. To make instruction more three dimensional,
students must engage in the science and engineering practices (SEPs) themselves,
internalize the disciplinary core ideas (DCIs) so that they can link them with their existing
knowledge, and use the crosscutting concepts (CCCs) as templates for their own thinking.
Making the curriculum more coherent requires that students themselves draw explicit
connections between ideas they are learning. Engaging students in relevant issues requires
connecting to students’ everyday experiences. Student-centered learning environments
extend beyond the classroom to the schoolyard, the community, parks, outdoor schools,
museums, zoos, aquariums, virtual platforms, and beyond. Throughout this framework, when
we refer to learning environments, we are referring to student-centered learning spaces
both in the classroom and in the field. Table 11.1 identifies instructional shifts reflective of
student-centered learning environments. These environments include shifts in teacher and
student activities, both of which are accomplished by deliberate instructional choices.
Table 11.1. Instructional Shifts Required by the CA NGSS
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More of this…

Less of this…

Students engage in the CA NGSS practices
to build a deeper understanding of science
and engineering content and make sense of
phenomena and design solutions.

Students study the meaning of science content
that teachers explain to them. Students
memorize definitions and rote procedures.

Students develop models of systems within
the natural world and use them to explain
phenomena or solve problems.

Teachers present models that describe
phenomena in the natural world.

Students learn science as an iterative, dynamic,
creative, and collaborative process similar to
how real scientists and engineers do their
work.

Students learn science as a collection of facts
and learn that these facts were found using
a singular and linear “scientific method,”
disconnected from how real scientists and
engineers do their work.

Practices provide students with relevant, realworld learning in which they must investigate
and problem solve using critical thinking.

Students learn to conduct investigations
following step-by-step instructions.

Students build science and engineering
understanding using a variety of practices in
investigations, experiments, and project-based
experiences.

Students use one practice per investigation/
experiment.
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Table 11.1. Instructional Shifts Required by the CA NGSS (continued)
More of this…

Less of this…

Science content and science practice are
integrated.

Science content and practices taught in
isolation.

Student reasoning and argumentation play a
central role in understanding labs and text.

Student thinking is limited by a “cook-book”
approach to lab experiences and problems
or end-of-the-chapter questions and test
experiences.

Science and engineering notebooks reflect
student thinking using the science and
engineering practices to understand content
and show development and revision of
students’ scientific models.

Science notebooks reflect only students’ ability
to take notes or copy teacher models.

Engineering is integrated into all science
disciplines.

Engineering is treated as an add-on.

Engaging in science and engineering practices
allows students to revise their thinking and
understanding.

The science process is just a thing to learn/
apply and “be done.”

Students are actively engaged in the practices
through investigations and experiments and
technologies they have generated.

Students are passively engaged in watching or
participating in teacher-directed investigations
and experiments.

Crosscutting concepts build a deeper and
more connected understanding of science as a
whole.

No connection among science content.

Connection of the practices to the goals of
literacy in science (purposeful reading and
writing to strengthen science understanding).

Reading and writing disconnected from the
purpose of learning.

Student-to-student discourse is productive,
using practices to explain phenomenon or solve
problems.

Student-to-student discourse is limited due to
activities that provide only one exact outcome.

Teacher questioning prompts and facilitates
students’ discourse and thinking.

Teacher questions students to seek a
confirmatory right answer.

Learning takes place routinely in a variety of
settings: in the classroom, outdoors, in school
gardens and in the field, in museums and
aquariums, and in the community.

Learning only occurs indoors in the classroom.
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How People Learn Should Guide All Instructional Strategies
The key principles of the CA NGSS are not arbitrary—they reflect decades of research
on how people learn. The most effective instructional strategies also capitalize on these
findings. National Research Council (NRC) (2007b) identifies four guiding principles about
how students learn science:
•

Students are more likely to understand and use ideas when they have had concrete
and relevant experiences to draw upon. When students have prior experience with
a phenomenon, they can more easily connect new ideas to their existing knowledge
structure. For example, students who grow up in the Southern California desert will
be familiar with the feeling of sand blasting against their face during a gust of wind,
helping them develop a conceptual model of wind erosion more quickly than student
who grow up in Northern California, where moist soil covered by vegetation rarely
blows away. The fact that students from enriched backgrounds have such a diversity of
out-of-school experiences may be one reason (but not the only reason) that they often
perform better in school than their peers. Providing students common exploratory and
open-ended classroom and field-based experiences allows teachers to assess students’
prior knowledge and provides opportunities to address potential gaps in student
knowledge or experience.

•

Students come to school with preexisting ideas about how the world works. They
may not be familiar with the specialized language of science or accepted abstract
scientific models, but they certainly have thoughts about how the world works. Asking
a four-year-old why it rains gives insight into the child’s unique and creative ideas,
and research shows that many people carry similar ideas into adulthood. The most
effective strategies to change these preconceptions require several steps: (1) students
must recognize and articulate their ideas and preconceptions; (2) students must
recognize their ideas fail to explain what they actually observe; and (3) students must
discover an alternative idea that works better.

•

Learning is an active process. Think of knowledge acquisition as a game of Tetris where
students must deliberately manipulate and position new ideas rather than a rainstorm
with a flood of knowledge pouring from the sky into the ocean below. People cannot
simply “absorb” new information—they must actively take external information and
integrate it into their own internal knowledge structures. They must figure out how
to reconcile new ideas with prior experiences, preconceived ideas, and prior science
learning. Instructional strategies should help students make connections between and
among the ideas and provide them the time to make these valuable connections.
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•

Learning is maximized when students actively apply new ideas after being introduced
to them. The age-old adage of “use it or lose it” applies to learning as the brain forges
neural pathways to the most vital, frequently used ideas and prunes out those that are
unused. Having students apply ideas to new contexts forces students to revisit their
mental models, revise them, and then connect them to other ideas rather than just
retaining the ideas as isolated facts that are less likely to endure. Engineering design
challenges are one of many ways that students can apply ideas to new contexts.

Depth of Knowledge and the CA NGSS
One way to conceptualize the shifts embedded within the CA NGSS is to describe the
level of cognitive engagement and complexity required of students. Deeper learning,
defined as the process through which a student becomes capable of taking what was
learned in one context and applying it to new situations (NRC 2010), requires exposing
students to a deeper level of intellectual challenge and engagement. The tasks that students
are asked to do, whether in the classroom, for homework, or for assessment purposes,
all contribute to the level of learning they are likely to achieve. Since one goal of the CA
NGSS is that students can apply science understanding to problems that they encounter as
future citizens, students must perform tasks in school where they practice applying their
knowledge.
Several conceptual frameworks exist for describing the complexity of cognitive tasks,
including the revised Bloom’s Taxonomy (remembering, understanding, applying, analyzing,
evaluating, and creating) and Webb’s Depth of Knowledge (DOK) (Webb 1997). Matrices
even exist to relate these schemes (Hess et al. 2009). These organizational schemes are
useful for gauging the range and balance of intellectual challenge presented to students.
The DOK comprises four levels of cognitive demand, as illustrated in table 11.2. In order to
reach a desired knowledge level, teachers must employ activities that reach that level.
The CA NGSS performance expectations require students to engage in activities at DOK
levels 3 and 4. For this reason, CA NGSS instruction should aim at using levels 1 and 2 only
as a foundation to achieve higher DOK levels and never as a final instructional goal. As
educators analyze the cognitive demands and complexity associated with specific student
tasks, they can use the DOK levels to adapt a task and sequences of tasks to promote
deeper understanding.
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Table 11.2. Examples for Each DOK Level in Science
Level 1 - Recall and Reproduction
Knowledge necessary to answer an item automatically provides the answer.
•

Recall or recognize a fact, term, definition, one-step procedure, or property

•

Demonstrate a rote response

•

Use a well-known formula

•

Represent in words or diagrams a scientific concept or relationship

•

Provide, label, or recognize a standard scientific representation or model for a simple phenomenon

•

Perform a routine procedure, simple science process, or set procedure (recipe)

•

Identify, calculate, or measure

Level 2 - Skills and Concepts
Knowledge necessary to answer an item does NOT automatically provide the answer. Multiple steps.
•

Specify and explain the relationship between facts, terms, properties, or variables

•

Describe and explain examples and nonexamples of science concepts

•

Select a procedure according to specified criteria and perform it

•

Collect, organize, represent, and compare data

•

Make a decision as to how to approach the problem

•

Classify, organize, or estimate

•

Make observations

•

Interpret information from a simple graph
Level 3 - Strategic Thinking
More than one response possible, calls for use of reasoning, justification, and evidence.
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•

Interpret information from a complex graph

•

Use reasoning, planning, and evidence

•

Develop a model to describe a system and the relationships between elements of the system

•

Explain thinking (beyond a simple explanation or using only a word or two to respond)

•

Justify a response

•

Identify research questions and design investigations for a scientific problem

•

Use concepts to solve nonroutine problems with more than one possible answer

•

Develop a model for a complex situation

•

Form conclusions from experimental or observational data

•

Complete a multi-step problem that involves planning and reasoning

•

Provide an explanation of a principle

•

Cite evidence and develop a logical argument

•

Conduct a designed investigation

•

Research or explain a scientific concept
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Table 11.2. Examples for Each DOK Level in Science (continued)
Level 4 - Extended Thinking
Often requires an extended period of time; however, time alone is not a distinguishing factor.
•

Select or devise approach among many alternatives to solve a problem

•

Deduce the fundamental relationship between several controlled variables using data provided by a
complex experiment that is novel to the student

•

Analyze whether a model can explain relevant aspects of a phenomenon and revise it accordingly

•

Conduct an investigation, from specifying a problem to designing and carrying out an experiment, to
analyzing its data and forming conclusions

•

Relate ideas within the content area or between content areas

•

Develop generalizations of the results obtained and the strategies used and apply them to new
problem situations

Source: Hess 2010

From Science as Learning Facts to Science as Explaining Phenomena
In CA NGSS classrooms, students should use evidence to explain observable phenomena
and justify the solution to problems. How can teachers make this happen? An approach called
“Ambitious Science Teaching” (http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link1) distills more than
a decade of research about how teachers can structure their instruction around phenomena
(Sandoval 2003; NRC 2005 and 2007b; Schwarz and White 2005; Windschitl, Thompson, and
Braaten 2008 and 2011; Windschitl et al. 2012). Ambitious Science Teaching identifies four key
instructional practices that align closely with the three dimensions of CA NGSS:
1. Select big science ideas that are embedded in observable phenomena.
2. Elicit students’ current thinking and ideas so that they can be used as resources for
subsequent learning.
3. Support ongoing changes in student thinking, reflecting the fact that scientific
knowledge is generated through human endeavor that can be tested, extended, and
used to build new knowledge.
4. Press students for causal explanations of how and why certain phenomena happen and
make sure they include evidence and develop conceptual models and representations.
The first instructional practice centers around planning lessons so that they focus on
specific phenomena that are illustrative manifestations of DCIs. Research on how people learn
demonstrates that students build new knowledge by relating it to what they already know,
so the second instructional practice requires that teachers elicit students’ emerging ideas
2016 California Science Framework
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about phenomena. This stage is an essential component of Ambitious Science Teaching and
effective science instruction that is not explicitly represented in any of the three dimensions.
However, it does relate to the CA NGSS principles of having a coherent curriculum and
relating to student interest and prior experience. The third practice ensures that teachers
actively engage students, support them, and recognize that changing a preconception takes
time. To implement the fourth instructional practice, lessons should provide opportunities for
students to generate and interpret evidence ( investigations [SEP-3] and analyzing and
interpreting data [SEP-4] ) and make their thinking public regarding the development of

model-based explanations [SEP-6] . In these activities, students can use drawings, diagrams,
equations, computer simulations, physical replicas, and more to represent their thinking
and make it visible to themselves and others ( developing conceptual models [SEP-2] ). As
students engage in activities that require them to modify their models, they develop a deeper
understanding of the Nature of Science. Teachers can track their own progression along the
continuum of each of these instructional practices using a rubric in Windschitl et al. (2012).

Instructional Strategies for Sequencing Lessons
Different types of instructional strategies can be used during a single lesson or unit
depending upon the learning needs of students. The teacher’s role varies from the provider
of crucial information (e.g., procedural knowledge associated with lab safety requirements or
the use of experimental equipment, such as microscopes, measurement tools, and probes)
to a learning facilitator (when students are applying science and engineering practices in the
context of solving a new problem or explaining a novel phenomenon). This section outlines
two sample progressions of lessons throughout a unit. Each follows a consistent pattern in
lesson design that promotes three-dimensional learning and engages in Ambitious Science
Teaching that aligns with how people learn science. First, we will explain the strategy, then
we will demonstrate its use through a snapshot.

Instructional Strategy for 3D Learning: 5E Instructional Cycle
When the sequence of science activities aligns with the way that people learn, students
learn more effectively. The science education community has articulated and refined an
effective sequence often called the 5E instructional cycle (Bybee et al. 2006). In this cycle,
students (1) are engaged by some sort of hook that relates to their interest; (2) have time
to explore ideas on their own before formal instruction; (3) explain their observations using
models; (4) elaborate and expand on the new learning by applying it to a new context;
and in the end, (5) evaluate and reflect on their own learning. Table 11.3 describes these
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sequences in more detail. The 5E cycle can be effective for sequences of lessons within a
multi-week unit, as well as for individual activities within a single day’s lesson plan.
Table 11.3. The 5E Instructional Cycle
Engage

Engage segments pique student curiosity and generate interest through activities
that are personally relevant. They bring prior knowledge about the upcoming
topics to the forefront and set the focus of future lessons. Teachers employ
the first two principles of Ambitious Science Teaching (selecting observable
phenomena and eliciting student thinking) as students use the CA NGSS practices
of asking questions [SEP-1] and performing small investigations [SEP-3] (often
along with other SEPs).

Explore

The exploration should provide students with a common base of experiences. This
can happen through planning and carrying out active investigations [SEP-3] or
through obtaining and evaluating information [SEP-8] . Either way, the activities
should facilitate conceptual change by having students experiment, probe, inquire,
question, and examine their thinking.

Explain

Based upon their discoveries from the Explore segments, students generate
explanations and designs, connecting prior knowledge to new discoveries. Like the
CA NGSS practice of developing explanations [SEP-6] , students are the ones
explaining. The students diagram and verbalize their conceptual understanding,
demonstrate their use of science and engineering practices, and apply crosscutting
concepts. Teachers can introduce formal labels, definitions, provide direct
instruction on essential skills and abilities, and focus student attention on key
concepts. Teachers facilitate integration of all these components so that the
students can develop models [SEP-2] and use them to explain the phenomenon
or solve the problem introduced in the Explain segments (the third principle of
Ambitious Science Teaching).

Ex

Elaborate

Students apply their new knowledge, skills, and understandings to novel situations
in the Elaborate segments. Through new experiences with other phenomena or
systems that involve the same scientific concept, the learners transfer what they
have learned and develop broader and deeper understanding of concepts about
the contextual situation and refine their skills and abilities (the fourth principle of
Ambitious Science Teaching).

Evaluate

Learning becomes more active when students have time to reflect on what
they have learned. The Evaluate segments include elements for students to
evaluate their own learning and the teacher to perform summative evaluation
and assessment. Students assess their understanding of phenomenon, success
of designs, offer new applications of scientific principles, and inform the next
steps for engineering designs. This stage may include embedded assessments
that provide feedback about the extent to which students met the CA NGSS
performance expectations.

Source: Adapted from Bybee 2013.
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In reality, these segments support one another in an iterative spiral more than a direct
linear sequence. The Explore and Explain segments often intermingle since students are
expected to be seeking explanations during the Explore segment and go back and test
their explanations during the Explain segment. Elaborate segments often look very similar
to Explore segments as both often involve conducting investigations [SEP-4] , but they
differ in the amount of teacher support and structure. While Explore segments provide the
shared experiences foundation for constructing models [SEP-2] , Elaborate segments are
more open-ended; students refine and apply their models [SEP-2] to novel situations
and solve problems [SEP-6] . All segments can occur in a variety of learning environments,
outdoors and in the community, as well as in the classroom.
Teachers have multifaceted roles in the 5E instructional cycle. As facilitators, they nurture
creative thinking, problem solving, interaction, communication, and discovery. Teachers use
questions to prompt and expand student thinking, inspire positive attitudes toward learning,
motivate, and demonstrate skill-building techniques. As guides, teachers help bridge
language gaps and foster individuality, collaboration, and personal growth. Teachers flow in
and out of these roles within each segment.

Instructional Strategies Snapshot 11.1:
5E Instructional Cycle for Middle Grades—Newton’s Laws
Forces and motion affect students’ everyday life, are at the root of classical
physics, and are part of the DCI PS1.A: Forces and Interactions in the CA NGSS.
Before the CA NGSS, Mrs. S, a middle grades teacher, used a “one-dimensional”
approach to teaching these ideas. She began with direct instruction on Newton’s
three Laws of Motion using lecture and a short video presentation. She assigned textbook
reading, and then her students performed a variety of short, engaging activities illustrating
various aspects of the three laws including the pull-a-table-cloth-off-a-table-filled-with-otheritems trick, bouncing balls, rolling things up and down ramps, and swinging objects around
their heads. She assigned a lab report requiring students to answer questions about Newton’s
Laws and the activities, as well as problem sets on the topic. The unit, of course, ended with
a quiz. Mrs. S realized that she could use many of the same activities if she changed the order
and modified the teacher’s role so that they would align with the 5E cycle.
Engage. Mrs. S grabbed her students’ attention using a brief demonstration from
McCarthy (2005). She embedded a knife blade in an apple just far enough so that the
apple stuck to the blade when she lifted the knife. She had students predict what would
happen when she gently tapped the back of the knife blade with the blade of a second
knife and had them record their ideas in their science notebooks. Then, she began
tapping. Following a few taps, the apple was cut in half. The students’ responses included
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Instructional Strategies Snapshot 11.1:
5E Instructional Cycle for Middle Grades—Newton’s Laws
“oohs,” “ahs,” and “That’s really cool.” Students discussed in groups what they thought was
happening and why. They made diagrams of the system at various moments during the
demonstration and explained in words what was happening at that moment. Mrs. S prompted
students to use ideas about force and motion from elementary school. Mrs. S listened
carefully to assess her students’ prior knowledge as well as their preconceived ideas and
existing mental models. During a whole-class discussion, Mrs. S highlighted some common
ideas she heard but did not comment on whether or not they were “correct” or “incorrect.”
Explore. Mrs. S set up two hands-on investigations that previously had come at the end
of the unit. She chose these activities because they separated the concepts of velocity
and acceleration and developed the necessary language to talk about them. During the
activities, Mrs. S employed different “talk moves” to probe students about what they
observed, what they thought was happening, and how they might test their explanations.
Explain. After the students had shared common experiences, they were ready to label
certain concepts with specific scientifically accepted labels and terminology. Mrs. S used
a short mini-lecture to demonstrate how physicists use force diagrams to represent
interactions. Students then used these diagrams to represent the systems they had explored
in the previous segment. Mrs. S introduced the formal description of Newton’s Laws, again
through direct instruction (including an instructional video she found). She asked students to
determine which of their diagrams best exemplified each of these principles.
Elaborate. Mrs. S had revised her traditional worksheet so that it had more conceptoriented problems, which required students to look at a scenario and use Newton’s Laws
to predict what would happen. She then set up a design challenge in which students had
to apply Newton’s Laws to solve a specific problem.

Instructional Strategy Resources: 5E Instructional Cycle
Bybee, Rodger. 2013. Translating the NGSS for Classroom Instruction. Arlington, VA: NSTA Press.
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link2
Describes steps for translating NGSS expectations into 5E sequences and provides examples from
all K–12 levels.
Volkmann, Mark J., and Sandra K. Abell. 2003. “Rethinking Laboratories: Tools for Converting
Cookbook Labs into Inquiry.” The Science Teacher 70 (6) 38–41.
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link3.
Provides a checklist and guiding principles for changing lesson sequences so that they better
match a 5E-style Instructional Cycle (though 5E is not mentioned explicitly). Focus on secondarylevel labs.
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Instructional Strategy for 3D Learning: Problem-Based Learning
In problem-based learning (PBL), students work either individually or in cooperative
groups to solve challenging problems with real-world applications. Problem-based learning is
a subset of project-based learning, a process in which students engage in a single thematic
topic for an extended amount of time and work toward a specific culmination. Students
learn key concepts and content as the need arises in the project or problem-solving process.
An authentic real-world context, sustained inquiry, and student self-direction are key
components of both strategies.
Problem-based learning is particularly well suited to the CA NGSS because of its focus
on designing solutions [SEP-6] . In PBL, the teacher poses the problem or challenge, assists
when necessary, and monitors progress. As students solve problems, teachers highlight
any contradictions between different groups of students and challenge the students to
resolve them by coming up with ways to investigate and compare conclusions and solutions.
Students must be allowed to make mistakes in PBL, so teachers “need to create a classroom
atmosphere that recognizes errors and uncertainties as inevitable features of problem-solving”
(Martinez 2010). In PBL, failure and error become recognized as learning opportunities.
Engineering design problems can be the basis for PBL, but science learning must be
integrated as an explicit element. For example, students can use trial and error to design a
bridge made out of spaghetti strands for an engineering challenge and never deepen their
understanding of the three dimensions of the CA NGSS. The challenge can become PBL
when students are required to write an explanation [SEP-6] that describes what design
elements are crucial to the strength of their design ( structure and function [CCC-6] ) and
draw diagrams as models [SEP-2] of forces within the system [CCC-4] . The teacher and
students now have a need to introduce and master core ideas and CCCs.
Like the 5E instructional cycle, the key shift of PBL is in the order or sequence in which
learning occurs. In 5E, however, engineering challenges were introduced in the “Elaborate”
segments as opportunities for students to apply models to new contexts. Problem-based
learning shifts the emphasis to solving a problem as the primary goal and learning occurs
embedded within the problem solving. In PBL, the problem is introduced at the beginning as
the motivation for an entire unit. For example, a high school unit might begin by introducing
the problems caused by climate change. During the unit, students will develop solutions that
minimize the release of carbon dioxide into the atmosphere from burning fossil fuel. Along the
way, they will develop scientific concepts of energy (physics), natural resources (Earth and
space science), and fuel (chemistry) to support their development of engineering solutions
(which might include energy conservation techniques and alternative energy sources).
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Instructional Strategy Resources: Project-Based Learning
While many PBL resources exist on the Web, teachers need to scrutinize them and may need to
modify them so that the engaging problem or project also achieves learning in all three NGSS
dimensions.
Buck Institute for Education (BIE)
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link4.
Project-based-learning activity samples and lesson plans with student work samples.
Reinventing Project-Based Learning by Suzie Boss and Jane Krauss
A guide for maximizing the benefits of project-based learning in today’s technology-rich
environment. This guide is useful for teachers, administrators and professional development
specialists.

Instructional Strategy for 3D Learning: Outdoor Learning Experiences
Outdoor and environmental learning experiences are powerful tools for implementing
key instructional shifts required by the CA NGSS and California’s Environmental Principles
and Concepts (EP&Cs). Teachers can effectively use the outdoors as a learning context
periodically throughout the year as they teach science. There is also particular value in
providing students with longer, concentrated opportunities to explore and explain the
natural world by participating in one of California’s rich networks of Residential Outdoor
Science Schools.
There is wide-ranging evidence to support the value of using natural environments, local
communities, and other outdoor settings as a real-world context for science learning that
engages student interest as they investigate places around them (Lieberman and Hoody
1998; Lieberman 2013; American Institutes for Research 2005; Glenn 2000). Students
should have rich opportunities to observe and investigate the multitude of natural and
human social systems found throughout California.
The most effective opportunities to use outdoor environmental learning experiences
occur when they are an integral component of three-dimensional science instruction—fully
integrated into units of study that do more than offer students isolated out-of-classroom
activities. High-quality outdoor and environmental learning is built on research-based
instructional strategies like those identified by the BEETLES Project (Lawrence Hall of
Science 2017):
•

Engaging students directly with nature (for example, on the school campus, at an
outdoor science school, or in their community)

•

Thinking like a scientist (using NGSS Science and Engineering Practices)
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•

Learning through discussions (using strategies to promote conversations about
science, for example, “talk moves”)

•

Experiencing instruction based on how people learn (for example, the 5E Instructional
Cycle, and using the environment as a context for learning).

Table 11.4 provides examples showing how well-designed outdoor and environmental
learning experiences can be used to implement the key instructional shifts of the CA NGSS
as students master the ideas represented by California’s EP&Cs.
Table 11.4. Achieving the Key Instructional Shifts of CA NGSS and EP&Cs Using
Environmental and Outdoor Learning Experiences
Key Instructional
Shifts

Examples of Environmental and Outdoor Learning Experiences
Supporting the Key Instructional Shifts and California’s EP&Cs

Three Dimensional

Natural phenomena found in students’ local surroundings provide diverse
opportunities to engage in three-dimensional scientific inquiries as they
learn the EP&Cs. For example, in fourth grade, students can
•

•

•

Coherent across the
curriculum

Students’ investigations of their local community and natural
surroundings help them make connections across multiple scientific
disciplines, and to read, write, and engage with mathematical analysis,
history–social sciences, and technology. For example, middle grades
students can
•

•

•

•

•

1456

undertake a field investigation in the neighborhood [SEP-3], and record
the plants and animals they see in their science notebooks [SEP-8];
look for patterns [CCC-1] in the types and functions of external
structures among the different animals [LS1.A];
and,
discover that changes to natural systems can influence [CCC-2] the
functioning of plants’ and animals’ external structures [EP&C II a].

collect weather data [SEP-3] for the area and compare it to long-term
climate data collected by the school over 35 years;
ask questions about the data and define a problem [SEP-1] about
changes in Earth’s climate [ESS3.D] that can be researched using online
sources [SEP-8];
obtain information about the effects temperature changes [CCC-2, CCC7] have on the snowpack in the Sierra Nevada;
identify human activities that diminish the snowpack in the Sierra
Nevada [EP&C IV]; and,
use mathematical thinking [SEP-5] to create meaningful comparisons,
using tables and graphs, about the local climate over the past 50 years
[history].
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Table 11.4. Achieving the Key Instructional Shifts of CA NGSS and EP&Cs Using
Environmental and Outdoor Learning Experiences (continued)
Key Instructional
Shifts

Examples of Environmental and Outdoor Learning Experiences
Supporting the Key Instructional Shifts and California’s EP&Cs

Relevant to local
communities and
student interests

Solving real-world problems in their local environment and community
gives students the opportunity to learn about issues where they live and
then apply what they learn to design engineering solutions that have
personal meaning. For example, continuing from above, in the middle
grades, students can
•

•

•

identify human activities in their community that release greenhouse
gases and influence the global climate [EP&Cs II, IV];
ask questions to identify evidence [SEP-1] of the possible effects of
global climate change [CCC-2, CCC-7] on local habitats and biodiversity
[ESS3.C] found in the natural systems at a local wildlife refuge; and,
design possible solutions [ETS.1.B.] to problems caused by local
emissions and communicate their findings to the school and community
[SEP-8] [EP&Cs V].

Instructional Strategy Resources: Outdoor Learning Experiences
Beetles-Science and Teaching for Field Instructors. 2017.
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link5. Outdoor science education resources that can be
used in a wide variety of outdoor science education settings.
Lieberman, Gerald. 2013. Education and the Environment: Creating Standards-Based Programs
in Schools and Districts. Cambridge: Harvard Education Press.
Yager, Robert, and John Falk, eds. 2007. Exemplary Science in Informal Education Settings.
Arlington, VA: National Science Teachers Association.
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Instructional Strategies for Engaging Student Thinking
Motivation and engagement are essential for the instruction and student learning
envisioned by the CA NGSS. What activities catalyze student thinking and motivate students
to explore and explain? This section identifies several research-based strategies for helping
take student thinking to deeper levels.

Teacher Questioning Strategies: Promoting Science Talk
Humans are social creatures and learn from one another. Well-organized classroom
conversations with a range of peers, or “productive science talk,” help students at all
levels learn better (Michaels, O’Connor, and Resnick 2008; Michaels and O’Connor 2012).
Productive talk is beneficial because it brings prior knowledge to the surface, allows
students to reflect on discrepancies between their own thinking and their peers’, and helps
them improve their ability to build scientific arguments (NRC 2007b, 92).
Simply providing opportunities for students to talk is not enough. Effective questioning
can scaffold student thinking. The NRC (2007a) report offers several research-based
suggestions to make questioning more powerful by
•

establishing a supportive classroom climate with norms that respect sharing of “first
draft thinking”;

•

asking questions that are higher-level—questions that require students to analyze,
synthesize, and apply information instead of recalling facts;

•

providing students with time to think after a question (including “wait time,” writing
answers individually, or sharing with partners); and

•

explicitly stating that classroom science talk mirrors the practice of professional
scientists and frequently reminding students that argument from evidence within a
community is part of “doing science.”

Teacher-initiated questions are key to helping students expand their communication,
reasoning, arguments, and representation of ideas in science. While the initial questions
teachers ask help structure the conversation, follow-up questions are crucial for continuing
the conversation. “Talk moves” are follow-up prompts that teachers (or students) can use to
invite students to clarify and expand their reasoning and arguments (NRC 2007a, 91). Table
11.5 provides six productive talk moves and examples.
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Table 11.5. Examples of Talk Moves
Talk Moves

Example

Re-voicing

“So let me see if I’ve got your thinking right.
You’re saying, _________________________?”

Asking students to restate someone else’s
reasoning

“Please repeat what Ben just said in your own
words.”

Asking students to apply their own reasoning
to someone else’s reasoning

“Do you agree or disagree and why?”

Prompting students for further explanation

“What can be added to Mia’s idea?”

Asking students to explicate their reasoning

“Why do you think that?” or “What evidence
helped you arrive at that answer?” or “Say
something more about that.”

Using wait time

“Take your time…we’ll wait.”

Source: Reprinted with permission from NRC 2007a, 92, by the National Academy of Sciences.
Courtesy of the National Academies Press, Washington, D.C.

Teachers can provide opportunities for discourse in a range of forums, including
partner talk, small-group discussion, and whole-class discussions. These opportunities are
only effective when students participate in them. Teachers will need to take the time to
cultivate a learning environment where students feel comfortable sharing their ideas and
recognize that they are expected to do so. Discussing classroom norms and posting them
as reminders in the classroom (as in table 11.6) are the first steps toward building a climate
that values discourse. English learners (ELs) may be particularly hesitant to speak up when
they struggle with both the ideas and the language to express them. Smaller group and pair
discussions allow all students to rehearse their ideas in small groups before sharing them
with the whole class. To make these student discussions even more productive, teachers
can introduce Talk Moves to students so that they can initiate them with one another. These
strategies for improving speaking and listening skills align with the expectations of the
California Common Core State Standards for English Language Arts/Literacy (CA CCSS for
ELA/Literacy).
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Table 11.6. An Example Classroom Sign Designed to Create a Culture of Discourse
Scientists value:
•
•
•

Mutual respect
Attentive listening
Openness to new ideas

During a science talk, we:
•
•
•

Take turns
Listen to others
Keep our eyes on the speaker

•
•
•

Respond to one another
Stay focused
Disagree respectfully

Source: Provided by Oakland Unified School District.

Instructional Strategy Resources: Engaging Students in Science Talk
Word Generation
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link6
A more general overview of productive scientific discourse.
The Inquiry Project-Checklist: Goals for Productive Discussions and Nine Talk Moves
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link7
A more extensive list of talk moves with video examples from classrooms.
The Inquiry Project Curriculum
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link8
Free curriculum for grades three through five that includes elements of productive science talk.
Includes online professional learning about questioning strategies and science talk and video clips
of classroom examples.
University of Pittsburgh Institute for Learning Accountable Talk
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link9
Online sourcebook of productive talk in all disciplines.

Science and Engineering Notebooks
Scientists keep records of their procedures, thoughts, and findings in a laboratory or field
notebook. Student science notebooks are modeled after those of professional scientists and
provide a forum for students to make their thinking visible as they engage in all of the SEPs.
Students use their science notebooks to develop their ideas and models, reflect on their
learning and the questions that they have, plan and record investigations that they make,
and communicate their findings. They vary in complexity depending on grade level and can
be individual or collaborative (figure 11.1 and figure 11.2). Science notebooks are the place
for informal notes and questions as the work proceeds, and formal lab or field reports or
other products draw upon information recorded in these notebooks. Table 11.7 describes
the benefits of science notebooks.
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Figure 11.1. An Elementary Student’s Drawing in a Science Notebook

Source: Shepardson and Britsch 1997
Figure 11.2. Drawing from a Middle Grades Science Notebook

Source: Washington State LASER and North Cascades and Olympic Science Partnership 2015
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Table 11.7. Benefits of Using Science Notebooks to Support Students’ Learning
THE BENEFITS OF USING SCIENCE NOTEBOOKS
Thinking tools

•
•

Guide teacher
instruction

•

•

Enhance literacy
skills

•

•

Support
differentiated
learning

•

Foster teacher
collaboration

•

•

•

Encourage students to use writing for thinking.
Empower students to become active in their own learning.
Student notebooks document what students do and do not understand and
how they organize their work.
Teachers can use information in the student notebooks to adjust and guide
their instruction.
Science notebooks provide students the opportunity to engage in various
forms of expository writing—e.g., procedural writing, narrative writing,
descriptive writing, and labeling.
Science notebooks provide numerous opportunities to develop and enhance
students’ written, visual, and oral communication skills.
Science notebooks can be helpful in addressing the needs of students with
mixed ability levels in the classroom.
Teachers provide ongoing feedback to students through their science
notebooks, allowing the teacher to individualize feedback.
When science notebooks are implemented school wide, teachers have the
opportunity to work together and support each other’s efforts.
In sharing notebooking strategies and student notebooks, teachers can
widen their repertoire with what works best for increasing students’
understanding of science.

Source: Adapted from Gilbert and Kotelman 2005.

Science notebooks are a natural link to the CA CCSS for ELA/Literacy as a venue for
students to write informative/explanatory texts, but notebooks are useful for much more
than just writing. By reviewing hundreds of actual student notebooks, education leaders
identified eight distinct strategies or “entry types,” used most frequently by practicing K–12
teachers (table 11.8). An online library from Washington State Leadership and Assistance
for Science Education Reform (LASER) includes multiple samples of each entry type by
students of all grade levels, demographic groups, and geographic regions (for more detail
see Washington State LASER and North Cascades and Olympic Science Partnership 2015).
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Table 11.8. Types of Entries in Science Notebooks
ENTRY TYPE

DEFINITION AND PURPOSE
Definition: Student-generated drawings of materials, scientific investigation
set-up, observations, or concepts
Three common types of drawings used in science notebooks include

Drawings

a) sketches—informal pictures of objects or concepts created with little
detail;
b) scientific Illustrations—detailed, accurate, labeled drawings of
observations or concepts; and
c) technical drawings—a record of a product in such detail that someone
could create the product from the drawings.
Purpose:
Students use drawings to make their thinking and observations of concrete
or abstract ideas visible. Drawings access diverse learning styles, allow entry
to the writing process for special needs students and emergent writers, and
assist in vocabulary development (e.g., oral explanations, group discussions,
labels).
Definition: Formats for recording and organizing data, results, and
observations

Tables, Charts,
and Graphs

Purpose:
Students use tables and charts to organize information in a form that is
easily read and understood. Recording data in these forms facilitates record
keeping. Students use graphs to compare and analyze data, display patterns
and trends, and synthesize information to communicate results.
Definition: Tools that illustrate connections among and between ideas,
objects, and information

Graphic
Organizers

Examples include, but are not limited to, Venn diagrams, “Box” and “T”
charts, and concept maps.
Purpose:
Graphic organizers help students organize ideas to recognize and to
communicate connections and relationships.

Notes and
Practice
Problems

Definition: A record of ideas, observations, or descriptions of information from
multiple sources including, but not limited to, direct instruction, hands-on
experiences, videos, readings, research, demonstrations, solving equations,
responding to guiding questions, or developing vocabulary
Purpose:
Students use notes and practice problems to construct meaning and practice
skills for current use and future reference.
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Table 11.8. Types of Entries in Science Notebooks (continued)
ENTRY TYPE

Reflective
Analytical
Entries

Inserts

DEFINITION AND PURPOSE
Definition: A record of a student’s own thoughts and ideas including, but not
limited to, initial ideas, self-generated questions, reflections, data analysis,
reactions, application of knowledge to new situations, and conclusions
Purpose:
Students use reflective and analytical entries to think about scientific content
from their own perspective, make sense of data, ask questions about their
ideas and learning processes, and clarify and revise their thinking.
Definition: Inserts are artifacts placed within a notebook including, but
not limited to, photographs, materials (e.g., flower petals, crystals,
chromatography results), and supplemental readings (e.g., newspaper
clippings)
Purpose:
Students use inserts to document and to enrich their learning. Personalization
of science notebooks also serves to push students to take ownership of their
learning process.
Definition: Scaffolds to guide students through a controlled investigation, field
investigation, or design process

Investigation
Formats

Examples include, but are not limited to, investigation planning sheets or
science writing heuristics.
Purpose:
Students use investigation formats to guide their thinking and writing
while they design and conduct investigations. Students also use these formats
to reflect on, modify, and discuss their findings and ideas.
Definition: Writing prompts used to focus a student’s thinking

Writing
Frames

Examples include, but are not limited to, I smelled . . . I felt . . . I
observed . . . I noticed . . . I wonder . . . , It reminds me of . . . , I noticed a
difference between . . . , My results show . . . , The variable I will change
is . . . , or I think that because . . .
Purpose:
Students use frames to organize their ideas, prompt their thinking, and
structure their written responses. Frames help students become more
proficient in scientific writing and less reliant upon the prompts.

Source: Adapted from Washington State LASER 2016.
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Instructional Strategy Resources: Science Notebooks
Professional Learning Module for Common Core State Standard Literacy in Science
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link10
An overview of how to use science notebooks in the classroom as a formative assessment tool to
recognize students’ sense-making of scientific ideas

Engineering Notebooks
Engineering notebooks share common entry types with science but also include
engineering-specific entry types. Engineering design projects are often conducted as teams,
so the notebook needs to include a record of team decisions from each step of the project.
Each student may keep a notebook or one student may keep a team notebook. Entries may
include
•

introduction, including the date, names of the group members and, if applicable, the
name of the person keeping the group notebook;

•

the problem to be solved;

•

criteria, constraints, and priorities;

•

summaries of information-gathering about the problem, constraints, or possible
materials;

•

relevant principles and scientific knowledge;

•

possible solutions, including ideas from brainstorming and pros and cons of each;

•

a decision matrix (Pugh Chart) or other means to select the design(s) to test;

•

proposed solution(s) and a description of the prototype;

•

results of testing the solution, including a description of the tests used;

•

evaluation of the best proposed solution, including both pro and con information about
its suitability to solve the problem;

•

design improvements based on the results of the evaluation; and

•

presentation of the final design, with a description of why it is a good design, any
shortcomings, and ideas for improvement.
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Instructional Strategy Resources: Engineering Notebooks
Wikibooks. Writing patterns for engineering notebooks
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link11.
Oregon Department of Education. Design It! Template
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link12.
Template for middle grades design notebook
Oregon Department of Education, Design It! Instructions
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link13.
Instructions for using the Oregon middle grades design notebook template

Discrepant Events
A discrepant event is something surprising—it’s an example of a phenomenon in which
something happens that contradicts students’ intuition and mental models about the
physical world. Discrepant events pique curiosity and motivate students to use problemsolving and critical-thinking skills to explain that phenomenon. They provide particularly
powerful learning experiences because they force students to confront their prior knowledge
and see that it is insufficient to explain the current situation. Discrepant events encapsulate
the experience of professional scientists, and present students with the same puzzling
phenomena that led to major discoveries in the past, placing these activities in historical
context.
Teaching a discrepant event is more than just showing a demo or telling a story with
unexpected results. Table 11.9 outlines an intentional sequence to maximize the learning
potential of discrepant events. This sequence of learning has often been called “teaching
for conceptual change” (Chinn and Brewer 1993). Confronting discrepant events provides
rich opportunities for students to engage in modeling [SEP-2] and the discourse-focused
practices of explanations [SEP-6] and arguments [SEP-7] .
Table 11.9. Steps for Effective Learning from Discrepant Events
STEP

PRACTICE AND ROLE IN LEARNING

1. Consider a physical scenario whose outcome
is not known.

Set the context.

2. Predict the outcome.

Apply existing mental models.
Make prior conceptions public.
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Table 11.9. Steps for Effective Learning from Discrepant Events (continued)
STEP

PRACTICE AND ROLE IN LEARNING

3. Construct models and explanations to
support the predictions.

Convert existing mental model into a
conceptual model [SEP-2] that can be
discussed.

4. Observe the outcome.

Perform an investigation [SEP-4] .

5. Modify competing theoretical explanations, if
necessary.

explanations [SEP-6] .

6. Evaluate competing explanations.

Engage in argument from evidence [SEP-7] .

7. Reiterate the preceding steps with different
data.

Reflect on learning and then apply the
revised model to a new context to solidify
understanding.

Refine models [SEP-2] . Construct

Discrepant events can be observed directly in class or using videos easily available
from the Internet. Video offers the opportunity to pause at critical points during the
demonstration, provide an opportunity for students to predict what could happen next,
and re-play portions of the demonstration as students walk through the discrepant-event
sequence. This approach provides students with additional evidence for discussion and
reflection on how their thinking is changing.

Instructional Strategies Snapshot 11.2:
Discrepant Event Demonstration*
When students arrived to class, there was a large glass bowl containing
water on a table at the front of the class. A candle, standing upright in the
middle of the bowl and held in place by clay, stuck out well above the water.
A large empty flask and some matches were beside the bowl.
Ms. N told her students that she would light the candle and then turn the large flask
upside down and put it over the candle. She asked them to write down what they think
would happen and why. In addition to writing a description, they needed to draw a picture
of what would happen.
Ms. N knew that most students would predict that the candle would go out, thinking
the candle would consume the oxygen in the container. Having them write their
predictions out gave students a record of their old thinking, gave the experience more
personal value as they tested out their own ideas, and made the surprising result more
powerful.
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Instructional Strategies Snapshot 11.2:
Discrepant Event Demonstration*
After students finished writing and drawing, Ms. N lit the candle and placed the flask
over the candle with its opening under water. An excited murmur erupted in the class. The
candle did indeed go out, but to the surprise of the students, the water also rose inside
the neck of the flask.
Student 1: No way . . . did you see that?
Teacher: What did you see?
Student 1: The flame went out just like I said it would.
Student 2: Yeah, but the water rose, too.
[Other students voice their agreement with this second observation.]
Teacher: Why do you think that happened?
Student 3: The oxygen got used up and created a vacuum that sucked up the water.
Student 4: I agree; oxygen was used up. Burning uses oxygen, so when the oxygen
was gone, the flame went out.
Student 5: I thought we learned that vacuums don’t suck, so I don’t think the water
got sucked up the flask.
Student 3: Well, I still think there was a vacuum created when the oxygen got used
up and when that happened the water rose.
Teacher: What other explanation could we have for this phenomenon?
[After looking around the room and hearing no comments, Ms. N continued.]
Teacher: It appears that you all agree that a vacuum caused by fewer oxygen
molecules is the cause. Please go and modify your explanations and drawings to
capture this idea.
Ms. N’s students were familiar with revisiting their thinking. Throughout their study
of physical science, Ms. N’s students had created models to understand the world and
revisited those models over and over as they refined their thinking. It was sometimes
frustrating for students who just wanted to be told the correct answer, but Ms. N is
consistent in making students write, draw, and revise.
Next she asked the students, “What do you think would happen if I used two candles
instead of one?” Students said that the candles would go out faster because they would
use up the oxygen faster. When pressed, they believed the water would still rise, but
it would rise the same amount as before. After all, it was the same amount of oxygen
getting used up, so it would be the same size vacuum being produced.
Ms. N asked students to once again write down a prediction and their thinking. While they
wrote, she placed a second candle in the bowl. When students finished writing, she repeated
the demonstration using two candles instead of one. The candles went out as they expected,
but they were also surprised to see that the water rose to a higher level than before.
Teacher: Tell me what you are thinking now.
Student 4: The water went up higher. That doesn’t make any sense to me. If it’s the
same amount of oxygen, shouldn’t it have only gone up the same amount?
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Instructional Strategies Snapshot 11.2:
Discrepant Event Demonstration*
Student 5: Let’s do it again with only one candle. Maybe the water rose up over the
wick, and that made the candle go out before it used up all the oxygen.
Student 6: Maybe because there were more candles, it pulled oxygen from the water.
You know water is H2O, so maybe since there were extra candles, they needed
extra oxygen and got it there.
Student 7: That’s not possible. The oxygen in water is bonded to the hydrogen. It
won’t just come apart. If that were the case, candles would burn under water.
Student 8: The candles did go out faster this time than last time. I think that’s
because they used up the oxygen inside the flask faster.
Student 7: I agree with that. I don’t understand why the water went up higher
though. That doesn’t make sense to me.
Teacher: What do you think would happen if we used more than two candles?
Student 7: The candles would still go out and the water would rise even higher.
Teacher: Why do you think that?
Student 7: I have no idea. I just think if it went up more with the two than one, it
should go up more if you used more than two.
Teacher: I am going to put you into teams to design an experiment that will help
you answer the question about what makes the water rise. Before I give you
any equipment, you will need to write out your procedure. It must address the
questions and your current thinking about the answer.
As the students designed and conducted investigations, Ms. N circulated between groups.
She asked questions which guided student observation, thinking, and meaning-making. She
started with questions about what they observed, helping them notice the bubbles escaping
from the flask—even prompting them to add a drop of liquid soap to their bowl of water to
make the bubbles more visible. She challenged them to reconcile the idea that more candles
make the water rise higher than fewer candles, yet the amount of air inside the flask does
not change. In this activity, students explored an authentic scientific problem, developed
models to describe what happened, and tested those models. Ms. N was not concerned
about students arriving at the “correct answer” (which is quite complicated), but rather that
they were able to explain all their observations with a consistent model. As she circulated,
she moved students closer to the scientifically accepted explanation by suggesting specific
tests or pointing out inconsistencies in their models (i.e., “That sounds good, but your model
doesn’t explain . . .”). Ms. N challenged the groups that developed consistent models more
quickly to find other ways to make the water rise that would not involve lighting candles. In
the end, Ms. N did not tell her students the “right” answer but congratulated each team on
coming up with a consistent model. Students really wanted confirmation that their model was
right, but she reminded them that there is no “answer key” in real science.
*This discrepant-event demonstration pairs with the classroom case study #1 described
in appendix D of the CA NGSS.
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Instructional Strategies for
Teaching the Nature of Science
The science education community uses the phrase “nature of science” to refer to what
science is and how science works. Discussions of the nature of science also address issues
related to the historical, social, cultural, and ethical aspects of science. Explicitly drawing
attention to these issues fosters student appreciation for how scientists know what they
know and the intrinsic limitations of that knowledge. Appendix H of the CA NGSS presents
eight broad understandings about the nature of science that teachers should refer to in
much the same way that they explicitly teach the SEPs and CCCs (table 11.10).
Inquiry-based lab activities where students engage in the science and engineering
practices are not the same as activities in which students are also learning about the nature
of science. The most effective strategy for teaching about the nature of science is to make
explicit connections to it within the context of each lesson.
Table 11.10. Eight Understandings about the Nature of Science in CA NGSS
Related to
Science and Engineering Practices
•

Scientific Investigations Use a Variety of
Methods

•

Scientific Knowledge is Based on Empirical
Evidence

•

Scientific Knowledge is Open to Revision in
Light of New Evidence

•

Scientific Models, Laws, Mechanisms, and
Theories Explain Natural Phenomena

Related to
Crosscutting Concepts
•

Science is a Way of Knowing

•

Scientific Knowledge Assumes an Order and
Consistency in Natural Systems

•

Science is a Human Endeavor

•

Science Addresses Questions About the
Natural and Material World

Source: NGSS Lead States 2013a

Using Historical Case Studies to Teach Science
Teaching science and engineering without reference to their rich variety
of human stories, to the puzzles of the past and how they were solved . . .
would isolate science and engineering from their human roots, undervalue their
intellectual and creative contributions, and diminish many students’ interest.
—National Research Council, A Framework for K–12 Science Education:
Practices, Crosscutting Concepts, and Core Ideas
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Science has always been a human endeavor. Showing this historical journey allows
teachers to highlight the process of science rather than just its products. Historical cases
can also provide insight into those products as students learn about historical observations
in the same progression that they might experience experimental results in hands-on
laboratories. Table 11.11 introduces a few examples of historical cases appropriate for
different learning goals or contexts.
Table 11.11. Examples of Historical Case Studies Related to Specific Learning Contexts
Context for
using historical
case studies

Reasons to use the context

Celebrating
discoveries and
great scientists:
Exemplifying the
value of science
and portraying role
models

Popular culture depicts a distorted image of scientists. Establishing
diverse role models helps students envision the possibility that they, too,
could become a scientist or engineer. Examples of role models include
Marie Curie and her discovery of radioactivity and its use in battlefield
radiological units during World War I; Rachel Carson and her contribution
to the development of the modern environmental movement; and George
Alcorn and his re-engineering of the imaging x-ray spectrometer.

The impact of
science on society
and the environment

Rachel Carson’s scientific studies of the effects of pesticides on the
environment, published in her book Silent Spring, led to the development
of the modern environmental movement.

Providing
developmental
themes and story
lines

Discoveries may also be addressed in the context of their conceptual
development throughout history. An illustrative example is that of the
English doctor John Snow and his explanation of contagious illnesses or
the history of the understanding of the atom over hundreds of years.

Teaching the process
of science

The history of science allows students to appreciate how concepts emerge
through a nonlinear process that often includes ambiguity, dramatic
sudden insights, or deliberate investigations, sometimes very gradually
and with great difficulty. Examples that may be addressed in this context
include Gregor Mendel’s theory of inheritance, Dimitri Mendeleev’s
arguments for new elements based on his periodic table and subsequent
discoveries, and Alfred Wegner’s proposal of a causal explanation
involving the slow displacement of continents, and Walter Alvarez’s
evidence for a large asteroid wiping out the dinosaurs.

Teaching the role
of engineering
and technology on
scientific discovery

The Hubble Space Telescope allowed astronomers to finally answer
Hubble’s fundamental questions about the expansion of the universe
50 years after he died. Devices that rapidly sequence DNA have
revolutionized evolutionary biology by allowing geneticists to study the
tiny changes of individual genes.
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Table 11.11. Examples of Historical Case Studies Related to Specific Learning Contexts
(continued)
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Context for
using historical
case studies

Reasons to use the context

Teaching the
role of science in
technological change

There are many examples of scientific discoveries that enabled
technologies that changed the world, such as the role of nuclear physics
in developing weapons and as a means of generating electrical energy.

Teaching concepts

Historical episodes often model how students may actively reconstruct
concepts on their own. They show how specific ideas may emerge given
certain conceptual resources, questions, and opportunities to investigate.
For example, providing a historical sequence of information that
contributed to the discovery of the most likely structure of DNA allows
giving an in-depth justification of the blueprint for life.

Teaching about
conceptual change

The history of science is not merely about how a concept originated,
rather it may be about how a theory is completely revolutionized as
new evidence and thinking are brought to light. These dramatic shifts in
worldview are exemplified in the Copernican and Darwinian revolutions in
which extreme reconceptualization of, respectively, the position of Earth
with respect to the universe and the origin of differentiation in species
(including humans) are presented.

Showing the
“human” dimension
to science

Science and engineering are activities conducted by real people with real
lives. Climate scientist James Hansen’s concern about the future of his
grandchildren motivates his work. Chimpanzee sign language experts
Roger and Deborah Fouts are lifetime collaborators in science and in
marriage—using each role to strengthen the other. Brian May (lead
guitarist for Queen) and Dexter Holland (lead singer of the punk band The
Offspring) were both graduate students in science when their bands took
off. May used his background in physics to build his first electric guitar,
which he still uses in concerts today. Actress Mayim Bialik, who plays
a scientist on the TV comedy Big Bang Theory, actually has a Ph.D. in
neuroscience and uses it to make the show funnier.

Highlighting the
cultural basis of
ideas and research

The message about the human context of science can sometimes be
extended to highlight its broader social dimensions. History provides
examples of how scientific ideas have realigned cultural attitudes, even
world views, and how technologies have materially affected industry,
labor, lifestyles, etc.
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Instructional Strategy Resources: Natural Science
Understanding Science
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link14
“History as a Tool in Science Education” by Douglas Allchin
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link15
The Story Behind the Science (2006)
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link16
Harvard Case Histories in Experimental Science (1957)
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link17
actionbioscience, Historical Case Studies (2014)
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link18
Famous Black Inventors (2008)
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link19
Women in Science, Technology, Engineering and Mathematics (2014)
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link20

Instructional Strategies Snapshot 11.3:
Scientific Methods and the Nature of Science
Part 1: Before the CA NGSS
First, let’s look at Ms. A’s classroom before the CA NGSS. Ms. A used many
effective instructional strategies but was not yet capturing the full threedimensional vision of the CA NGSS.
Ms. A had carefully prepared her classroom. Laboratory cabinets were cleaned and
well stocked, colorful fish were darting about an aquarium bubbling on the side of the
room, and posters depicting famous scientists were everywhere. Ms. A hoped students
would identify with one or more of the scientists.
In the first week of school, Ms. A told her high school students they would be “learning
about the scientific method, the basis for all science.” “The method,” she explained, “has
seven steps.” Jotting them down on her whiteboard, she told students that scientists must
do the following:
1. Make observations.
2. Ask a question about something they observed.
3. Do background research about their question.
4. Construct a hypothesis, or educated guess, about the answer to their question.
5. Test their hypothesis by doing an experiment.
6. Analyze their data and draw a conclusion.
7. Communicate their results.
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Instructional Strategies Snapshot 11.3:
Scientific Methods and the Nature of Science
To help students see how this works, she assigned them a passage to read about
a nineteenth-century English doctor named John Snow (1813–1858, English physician
and pioneer of the field of modern epidemiology). Snow lived in London at a time when
everyone believed contagious illnesses were spread through the air (the disease malaria
literally means “bad air”). He challenged this idea in the wake of an 1854 cholera epidemic
in London.
Snow went door to door in a particularly hard-hit part of town, interviewing residents
about the illness in their household, trying to trace the disease back to what would today
be called “patient zero.” He carefully plotted his data on a map of the town of London,
eventually tracing the illness to a single water pump. People in the neighborhood who
drank from this pump became ill; those who didn’t drink from the pump remained well.
Ms. A handed out a worksheet with a list of the seven steps in the scientific method,
with space next to each step. Students were instructed to read the story, and, with a
partner, fill in what Snow did for each of the scientific method’s seven steps.
The next day, Ms. A went over the expected responses for the assignment. Afterwards,
Ms. A’s students moved on to their first laboratory. She reinforced the previous day’s
lesson by telling students about the lab reports she expected them to complete, which
included the seven steps in the scientific method. She expected students to write the lab’s
question, hypothesis, procedure, data generated, and an analysis of the data.
Ms. A had started her class this way for years. She did not spend the whole first
day lecturing, and she found a way to encourage students to work together at the very
beginning of the year. Her students began working on a lab activity by the second day of
the year and were engaged in an interesting story from the beginning.
Part 2: After the CA NGSS—What shifts should Ms. A make?
With a few changes, Ms. A’s lesson could be more effective at helping her students
understand what science is and how science works. The most dramatic shift would be
changing her emphasis on “the” scientific method. Indeed, no single and linear scientific
method exists as scientific investigations use a variety of methods. A geologist observing
rocks or a biologist observing plant distributions in nature uses different methods than an
experimental physicist or molecular biologist working in a controlled laboratory setting.
In reality, John Snow probably had ideas about how cholera spread (step 4, construct
a hypothesis) before he noticed what was happening in his London neighborhood (step
1, make observations). Snow’s ideas or explanations about cholera spreading through
water were not necessarily predictions—a hypothesis is not a prediction or necessarily an
“educated guess” (step 4 again). When he began talking to people to map the disease’s
spread, was he testing a hypothesis at this point (step 5) or was he doing work that
ultimately led to a hypothesis about how the disease was spread (steps 1-3)?
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Instructional Strategies Snapshot 11.3:
Scientific Methods and the Nature of Science
While scientists do engage in practices like the ones in Ms. A’s list, they can occur in
many different sequences. Sometimes scientists reason inductively, collecting observations
first and then recognizing patterns in their data to help them create new models and new
ideas. Other times they reason deductively as they collect observations to test their ideas.
The methods scientists use to create ideas often differ from those they use to test ideas.
In other words, there are scientific methods, but no single, universal scientific method.
So what should Ms. A teach her students if she is not going to tell them about “the”
scientific method? Ms. A could focus her case study on the principle that scientific
knowledge is based on empirical evidence. Ms. A could reiterate how most people at the
time believed illnesses like cholera were spread through the air. The conclusion seemed
obvious. Illness and bad smells went hand in hand, and few at that time would believe
drinking a few ounces of water could make one sick. Despite his data, Snow’s ideas
were rejected. Ms. A could use this historical observation to highlight science as human
endeavor and as such constrained to the limitations of human society. Nevertheless, Snow
and those who followed eventually convinced the scientific community that diseases could
be spread by water. One of the hallmarks of science, one of the things that separates
science from other ways of knowing, is that scientific knowledge is open to revision in
light of new evidence.
The case study of John Snow illustrates all eight of the CA NGSS elements of the
nature of science (table 11.10). In fact, the eight elements are so central to science
that just about any scientific case study will illustrate the points. There is, however, an
important caveat to add to the discussion. Having students read a case study, see a
video about John Snow, look at a copy of his famous “ghost map,” or even discuss the
case in class will not (by itself) help them understand the nature of science. Students
will only rarely recognize the ideas for themselves. Teachers are most effective at helping
students understand the nature of science when they (a) provide activities or assignments
illustrating nature-of-science elements; (b) explicitly help students recognize, understand,
and apply the ideas; and (c) do so throughout the school year. Whether presenting a
historical case study, a contemporary example of science work, or a laboratory activity in
which students are engaging in science practices or illustrating crosscutting concepts, Ms.
A could
• use a moment of whole-class direct instruction to point out, or prompt students to
point out, how the activity illustrates particular elements of the nature of science;
• prompt discussion among small groups of students about how their work illustrates
nature-of-science elements; or
• assign readings (or other extensions) and ask students to figure out how the
assignment material illustrates nature-of-science elements.
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Instructional Strategies Snapshot 11.3:
Scientific Methods and the Nature of Science
Resource
A Web page from the UCLA School of Public Health provides a summary of John Snow’s
life and primary sources of documents related to the work of John Snow, including his
historical discussion of the development of his thinking about cholera in London during
the period of 1843-1855. See http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link21.

Instructional Strategies Snapshot 11.4:
Teaching the Nature of Science Explicitly
Ms. B’s middle grades Earth science class was conducting a hands-on
investigation of chemical weathering. Students dissolved chalky antacid
tablets in water to simulate the effects of water on rock over time. Students
timed how long it took a tablet to dissolve in cold water (part one of the
activity), and then repeated the process in warm water (part two). Ms. B showed them
exactly how to perform the procedure, record their data, and display their results in a
graph. Before the CA NGSS, she would have finished the lesson with a short worksheet
about the graph, but this year she decided to extend the activity so that students explicitly
discussed the nature of science.
She asked groups of students to display their results on chart paper. Most looked
similar, but it soon became apparent that a few groups’ results differed from those of
their classmates. Ms. B did not tell any groups their results were “wrong.” Instead she
told the class that science assumes that repeating an experimental procedure in exactly
the same way will produce similar results, i.e., scientific knowledge assumes an order
and consistency in natural systems. If groups got different results, they must have done
something different from one another, even if they didn’t intend to. The difference in
results provides a good opportunity to have students engage in argumentation [SEP-8]
through oral discussion. Ms. B paired groups with different results and asked students to
figure out where their procedures may have differed.
Next, Ms. B asked the rest of the class for thoughts about other things (variables)
that might make an antacid tablet dissolve faster or slower. When a student called out a
variable, she wrote it on the whiteboard, asking the student whether they thought the
variable would speed or slow the reaction and why it would have that effect.
After the students had generated a long list, she said, “One of the things separating
science from other ways we understand the world is that science demands evidence.
Scientific knowledge is not based just on people’s opinions; it is the result of testing.”
After crossing out variables that could not be safely or logistically investigated in the
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Instructional Strategies Snapshot 11.4:
Teaching the Nature of Science Explicitly
student-centered learning environment, she told students to select a variable of interest
and get ready to test whether they could accurately predict the variable’s effect on antacid
dissolving speed. By explicitly drawing attention to the fact that science is a way of
knowing, and scientific knowledge is based on empirical evidence, students really began
to understand what Ms. B says when she tells them, “In this activity, you are scientists.”
Before the students began their investigations, Ms. B asked the class about
things students needed to do for their investigations to be “fair,” i.e., variable
control. She ensured that students agree to a common technique to measure their
results quantitatively [CCC-3] so that they could easily compare them (rather than just
saying, faster or slower). Students ultimately returned to their lab areas and performed
their own investigations. By using essentially the same materials they just used in the
initial investigation, students successfully planned and carried out their investigations
[SEP-3] .
When multiple groups investigated the same question but came to different
conclusions, Ms. B emphasized that science is a human endeavor; disparate results are
common; and scientists ultimately resolve these kinds of issues through a combination of
communication, data sharing, and sometimes further investigations.
When students were surprised by results, she pointed out how scientific knowledge is
open to revision in light of new evidence. She told the students, “You have to go where
your data takes you,” and “It is common for scientific ideas to change.”
As results came in, Ms. B asked students, “How did your variable affect the tablet?
What did it do that caused [CCC-2] a change?” When she heard students with the same
data provide different explanations, she pointed out how different students can look at
the same patterns [CCC-1] in data and construct different interpretations of the data.
To figure out which was the “right” explanation would require the students to ask more
questions about how the ideas might differ, and then perform a different test to collect
enough observations to answer them.
At the end of the activity, Ms. B asked students to chart their journey through different
stages of the process of science (figure 11.3, Understanding Science 2016).
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How science works

Figure 11.3. Representation of the Process of Science as a Nonlinear Complex Endeavor
EXPLORATION
AND DISCOVERY

Making
observations

New technology

Asking
questions

Personal motivation

Practical problem

Serendipity

Curiosity

Surprising observation
Sharing data
and ideas

Finding
inspiration

Exploring the
literature

Gathering data
Hypotheses

Expected
results/observations

Actual
results/observations

Interpreting data
Supportive, contradictory, surprising
or inconclusive data may ...

Develop
technology

Address
societal issues

... inspire
revised
assumptions.

...support a
hypothesis.

...oppose a
hypothesis.
Build
knowledge

Satisfy
curiosity

... inspire
revised/new
hypothesis.

Inform
policy

Solve everyday
problems

TESTING
IDEAS

BENEFITS AND
OUTCOMES

Feedback and
peer review

Replication

Discussion with
colleagues

Publication

Coming up
with new
questions/ideas

Theory
building

COMMUNITY
ANALYSIS AND
FEEDBACK

Source: Understanding Science 2016.
www.understandingscience.org
The nature
of science concepts from
appendix H of the CA NGSS, like the other SEPs and
© 2008 The University of California Museum of Paleontology, Berkeley, and the Regents of the University of California

CCCs, follow a developmental progression. Elementary students should be learning explicitly
about what science means, but do so in a developmentally appropriate manner that lays a
foundation to be built on in later grades.
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Instructional Strategies Snapshot 11.5:
The Nature of Science in Elementary School
Mr. C started the investigation with the question, “What happens when we
leave ice out?” Mr. C then told the children they “would be scientists for the
day,” and “Science starts with questions.”
Mr. C handed every student an ice cube and had the students sit in
groups to observe them melting. Mr. C encouraged students to look at their own ice cube
and the other ice cubes in their groups to notice that similar things happened to all of
them. Mr. C told students that scientists pay close attention to things that happen the
same way over and over again. Mr. C explicitly introduced the idea of patterns [CCC-1] ,
which provides the K–2 foundation for the broader nature-of-science topic that “scientific
knowledge is based on empirical evidence.”
Mr. C asked students to record new things that they learned and told them that they
were “acting like scientists because that is how science works—when new information
comes in, we change our thinking.” Mr. C also had students draw what they saw, “because
scientists use drawings to tell people about what they saw.” He was drawing attention to
how scientists use models to explain new phenomena and communicate those findings
to others. At the K–2 level, a simple diagram is an example of a pictorial model that
communicates.
When he said, “Today we learned about how ice melts and becomes liquid water.
Science helps us know about the world,” he was helping them learn that science is a way
of knowing. If he had pointed out, “We did not just look at one ice cube. We looked at
lots of ice cubes,” he would have been helping them understand that scientific knowledge
assumes an order and consistency in natural systems. He helped the children recognize
science is a human endeavor when he said, “Lots of people become scientists. People just
like you!”
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Instructional Strategies for
Teaching the Engineering Design Process
The emphasis on engineering in the CA NGSS ensures that students develop the
knowledge and skills to solve problems. The most important instructional strategy is
therefore to select topics that are relevant to local communities and emphasize the
relationship between science, technology, engineering, and society. As students explore
these challenges, they can see themselves as problem solvers, inventors, and discoverers.

Explicitly Teaching the Engineering Design Cycle
As with the nature of science, students benefit from explicit discussion of engineering
practices. Just as there is no single scientific method, there is no single engineering design
process (Crismond et al. 2013). Nonetheless, CA NGSS identifies three key “phases” that
engineers cycle through as they solve problems (figure 11.4; appendix I of the CA NGSS):
•

Defining and delimiting engineering problems involves stating the problem to be solved
as clearly as possible in terms of criteria for success and constraints or limits and other
aspects of the design such as cost, weight, durability, etc.

•

Designing solutions to engineering problems begins with generating a number of
different possible solutions, then evaluating potential solutions to see which ones best
meet the criteria and constraints of the problem.

•

Optimizing the design solution involves a process in which solutions are systematically
tested and refined, and the final design is improved by trading off less important
features for those that are more important.
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Figure 11.4. NGSS Engineering Design Process
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Source: NGSS Lead States 2013b

Some engineering educators prefer to subdivide these stages into more detailed
descriptions of behaviors, including
1. clearly identifying the problem, including defining any necessary physical or economic
constraints on the desired solution;
2. brainstorming multiple possible solutions;
3. researching what others have done with similar problems and, through preliminary
analysis, eliminating any solutions that may not be practical;
4. designing and fabricating a prototype;
5. testing the prototype to verify that it solves the problem and optimizing that
prototype for efficiency, comfort, ease of use, etc.; and
6. communicating the results through presentation, competition, peer review.
The varying degrees of detail in different depictions of the engineering design cycle
highlight the fact that engineering practices follow a developmental progression through
different grade spans (appendix I of the CA NGSS). The grade-span sections below illustrate
this progression using snapshots.
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Grades K–2
Engineering design in the earliest grades introduces students to “problems” as situations
that people want to change. They can use tools and materials to solve simple problems, use
different representations to convey solutions, and compare different solutions to a problem
and determine which is best. The emphasis is on thinking through the needs or goals that
need to be met and which solutions best meet those needs and goals.

Instructional Strategies Snapshot 11.6:
Engineering Design K–2
Mr. Z, a second-grade teacher, used an enrichment unit from Engineering Is
Elementary that provides lesson plans combining social studies, reading, and
science. The students began by reading the storybook Mariana Becomes
a Butterfly (Engineering is Elementary 2008), in which the main character,
Mariana, a girl from the Dominican Republic, is puzzled by a change in one of her garden
plants, which a friend brought to her from Hawaii. At first, it produced delicious berries,
but now Mariana cannot get any berries to grow. With the help of her Tía (Aunt) Leti, an
agricultural engineer, Mariana soon discovered the problem: in its new surroundings, the
plant lacked a pollinator. Mr. Z demonstrated pollination with a paper model of a flower,
pointing out the male part (stamen) and female part (pistil), and explaining what the
pollinator must accomplish. In the next lesson, the students put on a play to learn about
the ways that some insects help farmers through pollination and other insects cause
problems. The play also introduced ways that agricultural engineers help solve these
problems.
“Do you remember Mariana’s problem? Why do you think the plant that her friend
brought from Hawaii won’t produce berries?” Mr. Z’s question helped students define the
problem—the plant lacked a pollinator. He also prompted his students to ask questions:
“Come up with a question whose answer will help you solve the problem better.” Students
asked more about how pollination works and about the insect that pollinates the plant in
its native Hawaii.
“Now that we understand the problem, I’d like you to use your imagination. Suppose
you are an agricultural engineer. How do you think Mariana could solve her problem?”
Encouraged to think “outside the box,” several students came up with ideas that Mr. Z
had not thought of before. He reacted with excitement to each suggestion, reflecting
each idea back to the class and asking questions so that he understood some of the more
original or “crazy” ideas.
From all these ideas, students needed to plan the details of one solution. With
guidance from Mr. Z, the students eventually recognized that Mariana could solve her
problem with a hand pollinator that picked up pollen from one part of a flower and
dropped it on another part. Mr. Z showed the students an array of materials that they
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Instructional Strategies Snapshot 11.6:
Engineering Design K–2
could use to create a hand pollinator, and they began to plan in small groups. Students
could use the materials any way they wished, and the variety of objects they produced
was very creative.
“Before we give Mariana your hand pollinators, what should we do to find out if they
work? Any ideas?” With Mr. Z’s guidance, the students developed a fair test of their
pollinators using a model flower with baking soda to represent pollen.
As the students gained experience and saw how each other’s pollinators worked, they
got ideas for how to improve their pollinators. Mr. Z led a discussion about the importance
of improving engineering designs and gave the children more time to see if they could get
their pollinators to pick up and drop off more pollen.
Finally, Mr. Z led a discussion about how the children used five steps of an engineering
process: ask questions, imagine solutions, plan, create, and improve the solutions to a
problem. They also applied their knowledge of scientific ideas about what it takes for
plants to produce fruit.
Source: Adapted from Engineering is Elementary 2011.
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Grades 3–5
At the upper elementary grades, engineering design engages students in more formalized
problem solving. Students define a problem using criteria for success and constraints or limits
of possible solutions. Students research and consider multiple possible solutions to a given
problem. Generating and testing solutions also becomes more rigorous as the students learn
to optimize solutions by revising them several times to obtain the best possible design.

Instructional Strategies Snapshot 11.7:
Engineering Design in Grades 3–5
Mrs. D’s students had just returned from pulling weeds in their school
vegetable garden. Some weeds were easy to remove while others had
roots that were so deep or so wide that they were hard to remove. Mrs. D
then showed students a picture of a giant redwood tree that fell over and
whose roots were not exposed at the surface. “If the tree’s roots were stronger, would
it still be alive?” she asked the class. While humans can’t design tree roots in real life,
Mrs. D introduced an engineering design challenge that gave students insight into how a
plant’s structure helps aid its function [CCC-6] . The students worked in small groups in
which they designed, tested, and improved a root system. Each group of students had a
large cup, sand (or dirt), and several pipe cleaners for “roots.”
The students discussed ideas for their design and then drew a model showing the
structure of their root system. Then, the students constructed their root systems by
twisting pipe cleaners together as shown in their drawing. Once the root system was
made, students placed it into the cup and poured sand into the cup until the root system
was buried. As the students worked, Mrs. D asked the groups about their design: What
type of root system did you build? Why did you choose that design?
Students tested their root system by lightly pulling up on the roots. They noted on the
paper with their drawing how well the root system worked (e.g., did the root come out
with just one pull, a couple of pulls, or only with a very hard pull). The students discussed
how they might improve their root-system design, drew a new model, and constructed
a new root system. They tested their root system again, noting the results on the new
drawing. Mrs. D asked the groups, “Which root system worked best?” and “Why do you
think it worked better?”
After students had discussed the success or failure of their root systems and the
reasons for the successes or failures in their groups, Mrs. D asked the groups to show
the class their drawings along with the root system they constructed and explain why
their design worked (or did not work). At the end of the discussion, Mrs. D reminded the
students that scientists and engineers design, construct, and test their models many times
to find the best solution to a problem.
Source: Adapted from Iridescent’s Curiosity Machine 2015.
(http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link22)
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Grades 6–8
In the middle grades, students learn to sharpen the focus of problems by precisely
specifying criteria and constraints of successful solutions. They take into account not only
what needs the problem is intended to meet but also the larger context of the situation. This
context allows them to recognize factors that limit certain solutions. Students can identify
elements of different solutions and combine them to create new solutions. Students at this
level are expected to use systematic methods to compare different solutions to see which
best meet criteria and constraints and to test and revise solutions a number of times to arrive
at an optimal design. Instruction at this level is illustrated with two short snapshots.

Instructional Strategies Snapshot 11.8:
Engineering Design in Grades 6–8
During the “Girls Go Global” unit (McLeod 2014), pairs of girls designed and
built a water carrier for a hypothetical user (a girl in a developing nation)
with specific needs. As part of the testing process, they developed a survey
to gather feedback about whether the carrier met the design constraints
they identified. Another pair tested the carrier and completed the survey. Pairs redesigned
and retested their carriers.
During another activity from the same unit, the girls built and tested biomass-burning
stoves. They took the temperature of the water before and after their fuel burned and
redesigned and retested the stoves to determine whether the redesign was more efficient
(made the water hotter while using the same amount of fuel).
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Grades 9–12
Engineering design at the high-school level engages students in complex problems that
include issues of social and global significance. Such problems need to be broken down
into simpler problems that can be tackled one at a time. Students are also expected to
quantify criteria and constraints and use quantitative methods to compare the potential of
different solutions. Emphasis is placed on identifying the best solution to a problem, which
often involves researching how others have solved it before. Students are expected to
use mathematics and/or computer simulations to test solutions under different conditions,
prioritize criteria, consider trade-offs, and assess social and environmental impacts.

Instructional Strategies Snapshot 11.9:
Global Engineering Design for High School
Global Systems Science (GSS) is a set of curriculum materials for high school
teachers and students developed by the Lawrence Hall of Science. GSS is
centered on critical societal issues of global concern, such as ecosystem
change, losing biodiversity, climate change, and energy use, all of which
require science for full understanding and thoughtful, intelligent engineering for solutions.
For example, Energy Use (Erickson and Gould 2007) begins by inviting students to take
an inventory of the ways that they use electricity. By “following the wires” back to a power
plant and from there to a grid of all power plants in the country, students begin to grasp
the vast infrastructure that supports our way of life.
Through laboratory experiments, students learned the basic principles on which
electrical devices work, and through a brief history, they learned how our national energy
policy came to be. They also learned about the huge amounts of fossil fuels burned for
transportation, home heating, and industry on a daily basis and the small fraction of that
energy that is actually put to use.
In the last portion of the unit, students conducted experiments and creative design
activities to find ways to maintain our current standard of living while saving billions of
dollars and reducing our impact on the environment (HS-ESS3-4, HS-LS2-7). The students
also explored new technologies for satisfying the energy needs of a growing human
population while keeping the impact of energy use to a minimum.
Resource
Full free access to GSS resources are provided in the following link:
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link23.
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Table 11.12 identifies different parts of a high school engineering design challenge called
Lunar Plant Growth Chamber and categorizes them based on stages of the engineering
design cycle. Free access to the Lunar Plant Growth Chamber by NASA is available at
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link24.
Table 11.12. Stages of the Engineering Design Cycle for the NASA Plant Growth Challenge
Step of the
Design Process

Students Actions

Step 1: Identify the
Problem

Students should state the challenge problem in their own words. Example:
How can I design a __________ that will __________?

Step 2: Identify
Criteria and
Constraints

Students should specify the design requirements (criteria). Example: Our
growth chamber must have a growing surface of 10 square feet and have
a delivery volume of 3 cubic feet or less. Students should list the limits on
the design due to available resources and the environment (constraints).
Example: Our growth chamber must be accessible to astronauts without
leaving the spacecraft.

Step 3: Brainstorm
Possible Solutions

Working in groups or as a whole class, students suggest ideas for aspects
of the design and for the design as a whole. Each student in the group
should sketch his or her own ideas as the group discusses ways to solve
the problem. Labels and arrows should be included to identify parts and
how they might move. These drawings should be quick and brief. Ideas
are not critiqued, and multiple alternate ideas for problem solutions are
accepted without making judgments or comparisons.

Step 4: Generate
Ideas

Based on the collective results of the brainstorming session, each group
outlines one or two designs for the solution with sketches that roughly
describe both the whole system and the functioning of any critical parts.

Step 5: Explore
Possibilities

The developed ideas should be shared and discussed among the team
members and across teams. Students should record the pros, cons,
and questions about each design idea directly on the paper next to the
drawings. (This can be done with sticky notes.)
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Table 11.12. Stages of the Engineering Design Cycle for the NASA Plant Growth Challenge
(continued)
Step of the
Design Process
Step 6: Select an
Approach

Students Actions
Students should work in teams to identify a design that appears to solve
the problem the best. This design may include elements from any of
the preliminary designs, not only those developed by this team. In this
step, each group should develop its chosen idea more thoroughly. For
any object to be built, students should create new drawings that include
multiple-plane views showing the design from the top, front, and one side
as well as a three-dimensional depiction. These are to be drawn neatly,
using rulers to draw straight lines and to make parts proportional. Parts
and measurements should be clearly labeled. Detailed drawings for any
critical sub-system (for example, water supply systems) are included.
Students should write a statement that describes why they chose
the solution. This should include some reference to the criteria and
constraints identified above.

Step 7: Build a
Model or Prototype

Students will construct a full-size or scale model based on their drawings.
The teacher will help identify and acquire appropriate modeling materials
and tools.

Step 8: Refine the
Design

Students will examine and evaluate their prototypes or designs based on
the criteria and constraints.
Groups may enlist students from other groups to review the solution
and help identify changes that need to be made. Based on criteria and
constraints, teams must identify any problems and propose refinements
or changes to their design as solutions.

Source: Adapted from NASA 2016

Teaching Science and Engineering Practices through Engineering
The engineering design cycle employs many of the science and engineering practices
(SEPs) from the CA NGSS, but unique challenges crop up when applying the SEPs to
engineering. Table 11.13 lists some common student difficulties and instructional strategies
that teachers can use to help students overcome them (Crismond 2013). When planning
lessons, teachers should be mindful of the specific SEPs being employed during each activity
so that they can reinforce the appropriate student behaviors and ways of thinking. Teachers
can also plan time at the end of lessons for students to reflect on how engaging in each
practice deepened their understanding of that practice.
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Table 11.13. What Teachers Can Do to Address Difficulties Students May Encounter as
They Learn the Engineering Practices
SEP-1. Asking questions and defining problems. Reading and understanding instructions from the
teacher about a design challenge is not the same as fully understanding the problem. Teachers need
to remind students to avoid premature decisions about solutions until they fully grasp the problem
and can describe the solution that is required.
SEP-2. Developing and using models. Beginning designers often sketch ideas that would not work in
practice. Rapid prototyping, in which students build multiple models from simple materials, can often
help students develop viable solutions. Students can also benefit from class discussions about the
strengths and weaknesses of specific models since in both science and engineering models are only
approximations of the actual phenomena or product being modeled.
SEP-3. Planning and carrying out investigations. The problems here are similar whether the purpose
of an investigation is science or engineering. Students often change more than one variable at a time
during testing, making the results difficult to interpret. It may be helpful to allow students to plan
and conduct these flawed experiments so students can recognize the problem for themselves.
SEP-4. Analyzing and interpreting data. In science, analysis and interpretation of data may be the
last step in a project to test a hypothesis, or it may suggest further tests that need to be made. In
engineering, analysis and interpretation of data is also important but not the last step. Designing a
solution based on the results of tests—called iteration—is a fundamental principle in engineering. It
is important for students to observe and analyze the test carefully so they can improve the solution.
Sometimes a series of questions can help students pay closer attention to the data. For example, the
teacher might ask, “What did you observe during the test? What problem(s) did you notice? Why do
you think that’s happening? How could you remedy the problem before the next test?”
SEP-5. Using mathematics and computational thinking. Students have difficulty transferring skills
they learned solving abstract mathematical problems to concrete engineering solutions. Engineering
provides additional opportunities to apply mathematics (such as maximizing the area enclosed by a
fence) and computational thinking (such as varying parameters in a simulated solution) to concrete
situations.
SEP-6. Designing solutions. Research shows that encouraging students to brainstorm more ideas to
solve a problem results in better ideas. Encouraging students to generate many ideas before deciding
on the best idea for developing a prototype to test will help your students avoid fixating on any one
solution. Younger students benefit from the scaffolding of starting with a fixed prototype and varying
from this default design.
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Table 11.13. What Teachers Can Do to Address Difficulties Students May Encounter as
They Learn the Engineering Practices (continued)
SEP-7. Engaging in argument from evidence. When teachers ask students to talk about different
ideas for solving a problem, students tend to discuss just the supporting ideas for their favored
solution. Teachers should encourage students to discuss the pros and cons of every solution. They
should ask students to test ideas by measuring aspects of the design function and then use the
evidence collected to decide which is better. Students can also develop a group process to judge
and evaluate which solution best meets the criteria and constraints of the problem, combining both
quantitative and qualitative features.
SEP-8. Obtaining, evaluating, and communicating information. Beginners sometimes confuse design
with invention. Most engineers do not invent entirely new ideas to solve problems. They start by
finding out how others have solved the problem. When faced with an engineering challenge, students
should learn to first conduct research, which will involve obtaining, evaluating, and communicating
information on the problem and alternative solutions. Their findings could be reported in many ways,
such as providing a history of how certain products have evolved or developing a decision matrix to
show how well different solutions match the criteria and constraints of the problem.
Source: Adapted from Crismond 2013.

The Pedagogy of Failure
Inventor and engineer Charles Kettering said, “Ninety-nine percent of success is built
on failure.” Pedagogically, it is important for students to also document these “failures” and
analyze them so that they can improve upon them later. Students should be encouraged to
recognize that their initial designs, whether they “work” or not, are just the first stage of an
iterative design cycle and can typically be improved with revision. Students succeed more
when teachers cultivate a growth mindset where failure is an expected part of the everyday
process.

Cognitively Guided Instruction
Cognitively Guided Instruction (CGI) is more commonly associated with mathematics
instruction (Carpenter, Fennema, and Franke 1996; Carpenter 1999), but it may be used
to develop students’ problem-solving abilities as they engage in engineering design. This
instructional strategy calls for the teacher to ask students to think about different ways
to solve a problem. The teacher differentiates instruction in response to students’ original
ideas and guides each student according to his or her own developmental level and way
of reasoning. After students generate strategies to solve a particular problem, students
must explain their reasoning process in small groups, whole-class discussion, or as formal
presentations.
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Decision Matrices
In engineering, there is rarely a perfect solution. A decision matrix (also known as a
Pugh Chart) is a thinking tool that helps students decide which solutions have the most
advantages and the fewest disadvantages. The decision matrix itself is simply a table where
every possible solution has its own column and every criterion or constraint has its own
row. To construct the table, students define the problem that they wish to solve in terms of
very specific criteria for success and constraints, or limits. Then, they research the problem
and generate ideas for solutions. The decision matrix will help with the next step—deciding
which idea best meets the criteria and constraints of the problem. Table 11.14 is an example
decision matrix for selecting a new electricity source for a power plant in California (e.g.,
HS-ESS3-2). The decision matrix helps students organize their ideas and gets them to talk
about why they value one solution over another.
Table 11.14. Decision Matrix for New Electricity Supply
Criteria

Max Value

Solar

Wind

Carbon-free

5

5

5

5

1

1

Cheap
($ per MWh)

4

2
($110)

3
($58)

3
($71)

4
($15)

3
($60)

Clean
(no air pollution)

3

3

3

3

2

1

Consistent

3

1

1

3

3

3

Total

15

11

12

14

10

8

Max Value

Solar

Wind

Yes/No

Yes

Yes

Constraints
Available in
California

Hydroelectric Natural Gas

Hydroelectric Natural Gas
Yes

Yes

Coal

Coal
Yes

Instructional Strategy Resources: Engineering
IEEE Institute of Electrical and Electronics Engineers. Try Engineering.
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link25.
American Society for Engineering Education.
Teach Engineering, Curriculum for K12 Teachers.
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link26.
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Instructional Strategies for Using Digital Technology
The field of science teaching and learning has been transformed by the increased
availability and use of digital technology in the first part of the twenty-first century. Table
11.15 provides examples showing how technology brings new capabilities for measurement,
data recording, data analysis, simulation, collaboration, and communication to each of the
CA NGSS SEPs:
Table 11.15. How Digital Technology Transforms Instruction for Each Science and
Engineering Practice
SEP-1. Asking questions and defining problems. Curiosity requires no technology, but technology
allows students to share questions more easily through online discussions or question-voting systems
(where students use online tools to vote on questions they want to address).
SEP-2. Developing and using models. Students can use tools such as NetLogo, StarLogo, spreadsheets,
and others to develop computer models. Other software can make it easier to visually represent a
conceptual model by, for example, creating a concept map. While hand-drawn models and diagrams are
valuable, their digital counterparts are extremely easy to archive and revise. The ease of revision allows
a shift from the initial model development to the process of progressive model refinement.
SEP-3. Planning and carrying out investigations. Simulations allow students to investigate processes
at size and time scales that are not amenable to direct investigation in the classroom. Students can
take virtual fieldtrips using Google Earth or collect measurements from satellite data. Technology has
even transformed hands-on labs through tools such as probeware, which acquire real-time data that
are more accurate than traditional analog methods.
SEP-4. Analyzing and interpreting data. Digital technology allows students to bring data together for
collaborative analysis. For example, students can enter data into a collaborative online spreadsheet
and compare their findings to classmates’. Computer tools also allow students to visualize and
analyze vast quantities of digital data.
SEP-5. Using mathematics and computational thinking. Students can rapidly visualize their
mathematical thinking by plotting data, adding trend lines, and calculating experimental error rapidly
using spreadsheets and other tools. This allows teachers to shift the focus from the mechanics
of mathematical thinking to its applications. Ultimately, the intuition developed from applying
mathematics will motivate students when it comes time to build mathematical skills.
SEP-6. Constructing Explanations. Computer media allow students to more easily integrate a range of
evidence into their explanations. They can insert photos, videos, and diagrams to illustrate different
aspects of phenomena and their explanations.
SEP-6. Designing solutions. Computers allow for rapid prototyping as students create digital
prototypes in computer modeling environments or using 3-D printers.
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Table 11.15. How Digital Technology Transforms Instruction for Each Science and
Engineering Practice (continued)
SEP-7. Engaging in argument from evidence. Communications technology allows for students to get
more practice with argumentation. Online discussion tools allow students to engage in pair or small
group discussions while still allowing a teacher to monitor all the classroom discussions (something
not possible while circulating around a classroom in person).
SEP-8. Obtaining, evaluating, and communicating information. Technology enhances all aspects
of information sharing, including student-student, teacher-student, student-teacher, and studentscientist. Students can use a full range of new media to communicate their solutions, including video,
presentations, infographics, and interactive Web sites. The Internet also provides students access to
previous solutions to problems, and students need digital literacy skills to find and evaluate this flood
of information. Twenty-first century communication tools are inherently participatory, meaning that
students are more likely to be engaged in posting comments that evaluate information than simply
being producers or consumers of media.

Instructional Strategy Resources: Technology in the Classroom
Herr, Norm 2015. Collaborative Data Analysis in the Science Classroom
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link27.
An online professional development program for using technology to help teachers pool data in
their classroom.
NASA Airborne Science Program
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link28.
NASA scientists in Antarctica and the Arctic interact with students in the classroom
via the Internet.
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Instructional Strategies for Supporting Language
Demands in Science
One of the major shifts for the CA NGSS is that students engage more in “doing” science,
but engaging in each of the SEPs is a language-rich experience requiring more speaking and
listening, reading, and writing. Supporting students to develop and use general academic
language and to speak and write with the precision demanded by science thinking is an
essential part of supporting science learning.
The NRC Framework identifies several ways in which science communication differs from
other genres:
•

Science and engineering communications are “multimodal” (they use an
interconnected mix of words, diagrams, graphs, and mathematics). For example, the
definition of a word might be found only as a label in a diagram, or text that refers to
a graph does not make sense unless the reader also examines and understands the
graph itself.

•

Science and engineering frequently use unfamiliar and specialized words (“jargon”).
Some of these words are labels for multi-stage processes (like mitosis or fission) or
otherwise communicate large amounts of information.

•

In science and engineering, the details matter. Students therefore need to pay
constant attention to every word when obtaining scientific or engineering information.
The process is sometimes complicated by a mismatch between the level of importance
an idea has within the grammatical structure of a sentence and its importance for
the scientific meaning of a sentence. For example, short introductory phrases and
prepositions can have a dramatic impact on the scientific meaning of a sentence (e.g.,
“assuming a frictionless surface”). Students must learn to read differently in order to
notice all these pieces (CA CCSSM MP.6, CA CCSS for ELA/Literacy RI.3.4).

Promoting a Climate of Scientific Discourse
Teachers can begin cultivating a learning environment that welcomes respectful
discussion of ideas. Students’ comments must be valued for their contribution to the
thinking even when expressed incompletely or with flaws in the language usage. Ensuring
participation of all students, whatever the language level of each, is critical to supporting
science learning for all.
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Academic Language
In the science classroom every student is learning new academic language. Attention to
issues of language development, while critical for the students who are English learners,
is also important for those whose primary language is English. The English Language
Arts/English Language Development Framework for California Public School Kindergarten
Through Grade Twelve (CA ELA/ELD Framework) provides comprehensive guidelines to
build students’ proficiency in language and literacy across all the academic disciplines and
through K–12, with particular attention to the needs of ELs. That document also outlines the
key goal of integrating ELD instruction throughout the day and across all disciplines. Science
teachers therefore become important teachers of language alongside their content. This
work begins with a few simple steps:
•

Routinely examining the texts and tasks used for instruction in order to identify
language that could be challenging for ELs

•

Determining where there are opportunities to highlight and discuss particular language
resources (e.g., powerful or precise vocabulary, different ways of combining ideas in
sentences, ways of starting paragraphs to emphasize key ideas)

•

Adjusting whole-group instruction or work with small groups or individuals to provide
adequate and appropriate support

Science class should not, however, be a vocabulary class. Teachers need to decide which
words might be challenging for ELs and require focused support, which are essential for
conveying scientific meaning, and which can be replaced with more familiar words. Table
11.16 displays a system to categorize words based on how often they are used in everyday
and discipline-specific contexts (Beck, McKeown, and Kucan 2002, 15–30; 2013). Teachers
can use these categories to decide how much time to spend on explicitly defining the words
and when the most appropriate time is to introduce them. Domain-specific words are often
labels for fundamental ideas within science and can be essential for conveying meaning.
Teachers and texts should explicitly introduce these words and work with students to come
up with appropriate definitions. In other cases, the domain-specific jargon really is not
necessary, and it may be more worthwhile to replace a domain-specific word with parallels
from everyday language (i.e., “thermophilic bacteria” become “heat-loving bacteria”). This
approach does not constitute “dumbing down” science, as the NRC (2000) emphasizes
that “knowing vocabulary does not necessarily help students develop or understand
explanations” (NRC 2000, 133). Rather, research from university-level students shows that
replacing jargon with everyday language improves conceptual understanding and does
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not have adverse effects in more advanced courses that rely on specialized vocabulary
(Schoerning 2014; Li et al. 2014). The main point is that teachers need to consider how to
address each vocabulary word on a case-by-case basis.
Table 11.16. Categories of Vocabulary
VOCABULARY

DEFINITION

EXAMPLES

Conversational

Words of everyday use

happy, dog, run, family, boy,
play, water

Words that are far more
likely to appear in text than
in everyday use, are highly
generalizable because they
appear in many types of texts,
and often represent precise
or nuanced meanings of
relatively common things

develop, technique, disrupt,
fortunate, frightening,
enormous, startling

Words that are specific to a
domain or field of study and
key to understanding a new
concept

equation, place value,
germ, improvisation, tempo,
percussion, landform,
thermometer

(Tier One)
General Academic
(Tier Two)

Domain-Specific
(Tier Three)

strolled, essential

Source: Bringing Words to Life: Robust Vocabulary Instruction. Beck, McKeown, and Kucan 2013.
Copyright Guilford Press. Reprinted with permission of The Guilford Press.

Integration with the Common Core
The CA CCSS for ELA/Literacy place an increased emphasis on developing literacy in
reading, writing, speaking, and listening for technical subjects, including science. These
standards are not requirements to simply read about science and do not replace it. They
prepare students to do science and learn science concepts. Elementary teachers that
teach multiple subjects can design lessons that support both science learning and literacy
development at the same time. Secondary teachers require cross-disciplinary discussion and
collaboration.
Teachers can begin by noticing the synergy between the SEPs in the CA NGSS and CA
CCSS for ELA/Literacy (table 11.17). Students will develop science language, reading, and
writing skills through their engagement in science practices. The practice of doing science
often motivates language development because it introduces a need for communication.
As students develop a model, they use diagrams but also words to label features that are
important. As they present their ideas to their classmates in small groups, they find they
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must express the ideas precisely so that others can understand what they are thinking. As
students develop the language to express their thoughts more clearly, they in turn refine
their science thinking.
Table 11.17. Overlaps Between NGSS Practices and CA CCSS ELA/Literacy
NGSS PRACTICE

CA CCSS FOR ELA/LITERACY

SEP-3: Planning and Carrying out
Investigations

•
•
•

SEP-6: Constructing Explanations and
Designing Solutions

•
•

SEP-7: Engaging in Argument from Evidence

•
•
•

SEP-8: Obtaining, Evaluating, and
Communicating Information

•
•

Following Complex Processes and Procedures
Conducting Research
Using Textual Evidence and Attending to Detail
Synthesizing Complex Information
Explaining Concepts, Processes and Procedures
Making Arguments
Assessing Arguments
Conducting Research
Gathering Relevant Evidence
Translating Information from One Form to
Another

Source: Adapted from Pimentel 2013.

Both CA NGSS and CA CCSS place an emphasis on classroom discourse. While science
class is not focused on formal language instruction, it is a venue for students to learn and
practice grade-appropriate argumentation skills. Students should also understand and
reflect on why these skills are necessary to make their observations and arguments clear
to others. Teachers make instructional choices about the tasks that students undertake and
must explicitly provide students opportunities for classroom discourse that includes speaking
and listening as well as analyzing written arguments and producing their own. These tasks
support science learning and language and literacy development at the same time.
Several additional resources provide guidance on the relationship between CA CCSS for
ELA/Literacy and the CA NGSS. Appendix M of the CA NGSS focuses on grades six through
twelve. The Council of Chief State School Officers (2012) analyzes the language demands
in NGSS and suggests appropriate support for English learners so that they can access the
grade-level content while building language proficiency.
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Instructional Strategy Resources: Language Demands
Understanding Language
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link29.
Provides resources and research to help develop educator awareness of the critical role language
plans in the CA CCSS and the CA NGSS and demonstrate ways in which EL proficiency and
disciplinary knowledge can be developed simultaneously in the context of content instruction.
Integrating ELD Standards into K–12 Mathematics and Science Teaching and Learning:
A Supplementary Resource for Educators
http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link30.
A supplemental resource, when used with the standards and content frameworks, illustrates ways
to integrate the use of ELD standards into science curriculum design and instruction.

Instructional Strategies for Integrating Mathematical
Practices into the CA NGSS
Science and mathematics teachers are jointly responsible for bridging the gap
between mathematics as learned in the mathematics classroom and its applications in
the science classroom. This begins by recognizing the synergy in learning goals between
the mathematical practices (MP) in the California Common Core State Standards for
Mathematics (CA CCSSM) and the CA NGSS.
To ensure the CA NGSS goal of a coherent curriculum, science teachers need to know
what level of mathematics their students have mastered and what they are currently
learning so that they can have students apply these skills to science. Science teachers can
also provide math teachers relevant examples. Appendix L of the CA NGSS indicates when
key ideas useful to science are first introduced in the CA CCSSM and provides specific
examples where science and math overlap at each grade level.
Transferring math skills to science applications, however, requires explicit attention to
differences between the disciplines. For example, both science and math have practices
using the word “argument” but use the term very differently. Successful mathematical
arguments can be pure reasoning and logic, but science arguments always require specific
evidence. This difference is so pronounced that the CA NGSS connection boxes never
provide a link to CA CCSSM MP.3: Make viable arguments.
Both science and math also rely heavily on ratios and functional relationships, but
students need to take the numeric interpretation from math and learn how to add the richer
set of meanings that these relationships have in science. A ratio of distance over time in
science, for example, introduces an entirely new concept: speed, which is different from
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either distance or time. Scientists attach physical significance to these new quantities and
reason directly with them (e.g., they interpret the quantity of speed in terms of how far
something travels and how long it takes to get there). The mathematics teacher may begin
this process by introducing units and relationships of quantities (such as length and area),
while the science teacher provides contexts in which students can go beyond manipulating
the ratios to the level where students develop meaning from these relationships. This level
of understanding is the ultimate goal of both the CA CCSS and the CA NGSS.

Instructional Strategy Resources: Integrating Mathematical Practices
Illustrative Mathematics
(http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link31)
Twenty-five lessons that focus on science and represent many grade levels from grade two to
high school.
National Council of Teachers of Mathematics (NCTM)
(http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link32)
Illuminations is a companion site to NCTM and lists several mathematics lessons for different
grade levels that focus on science.
NASA Space Math
(http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link33)
Compendium of activities that use mathematics to enhance understanding of space science. Also
see Earth Math (http://www.cde.ca.gov/ci/sc/cf/ch11.asp#link34) and the other NASA booklets
in that series.
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Introduction

T

he California Next Generation Science Standards (CA NGSS) advance
a new vision for teaching and learning science and engineering
practices (SEPs) , crosscutting concepts (CCCs) , and disciplinary

core ideas (DCIs) .

This presents a unique opportunity to transform science education in ways
that will benefit all students and educators. Students will engage in science
in deeper and more meaningful ways, they will ask more questions, and they
will experience science through investigations. Teachers will focus on the
big ideas of science and engineering and the practices they use, which will
provide more opportunities for experimentation, design, and exploration.
The goal of this chapter is to provide recommendations (with examples
and resources) to address the key shifts that must occur in several
components of the education system to implement the CA NGSS effectively.
These shifts should occur in coordination with each other. The chapter is not
intended to be an exhaustive how-to manual with a checklist of items; rather
the ideas and resources presented here are meant to meet various needs.
It includes guidance to conduct further analysis of needs assessments and
to research local contexts, as well as resources to develop a more targeted
implementation plan.
The core message is that a change to only one component of the
education system (for example, adoption of new curriculum materials) will
not be sufficient to realize the vision of the CA NGSS. In particular, successful
implementation of the CA NGSS will require that members of different
educational institutions, communities, and systems establish new ways
of working together with a focus on collaborative learning and growth for
teachers, school leaders, and school systems as a whole that will enhance
students’ learning and academic success. This chapter provides guidelines for
developing these new roles and relationships and develops perspectives on
what is required to plan for, implement, and sustain the type of educational
environment in which all students have the possibility to engage in the three
dimensions of CA NGSS learning. Although changes are required for specific
sections of the education system (from induction, to professional learning, to
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expanded and out-of-school learning opportunities), the CA NGSS provide a common vision
that can guide this work to build vibrant classrooms and school cultures.
The California Department of Education (CDE) developed the Mathematics Framework
for California Public Schools: Kindergarten Through Grade Twelve (Mathematics Framework)
in 2013 and the English Language Arts/English Language Development Framework for
California Public Schools: Kindergarten Through Grade Twelve (ELA/ELD Framework) in
2015. Research-based resources presented in this chapter overlap significantly with these
two frameworks, but they have been further expanded to accommodate resources more
specific to CA NGSS implementation. For example, recommendations from Greatness by
Design, a 2012 report by the Task Force on Educator Excellence, call for changes in teacher
education programs, increased mentoring for beginning teachers, centralization of teacher
professional learning throughout teachers’ careers, use of evaluation for teacher growth,
and an expanded view of leadership pathways and opportunities for educators. The position
of this framework is the same as that of the task force and it recognizes the importance of
advocating for diverse organizations to work together within broad cultures of collaboration
in support of teachers’ growth. In addition, planning for successful implementation requires
schools and districts to first assess existing education priorities, resources, systems,
and professional knowledge and skills and then to develop district and school-level
implementation plans that span multiple years.
In response to the Greatness by Design report (Task Force on Educator Excellence 2012),
the CDE convened a group of educators from across the state to guide the development
of the Quality Professional Learning Standards (QPLS). Approved by State Superintendent
of Public Instruction Tom Torlakson (SSPI) in December 2013, the QPLS identify a clear
outcome for professional learning—to continuously develop educators’ capacity to teach and
lead so that all students learn and thrive—and seven interdependent professional learning
standards that focus on the following:
•

Data

•

Content and pedagogy

•

Equity

•

Design and structure

•

Collaboration and shared accountability

•

Resources

•

Alignment and coherence

By using the QPLS, educators, policymakers, education officials, and other stakeholders
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will share a common understanding regarding the features of high-quality professional
learning and how best to support it. The standards are not meant to be used to evaluate
educators in any aspect of their work. The QPLS are available on the CDE Web page at
http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link1.
In addition to using the local education agencies’ (LEAs’) recommendations from the
Implementation Plan for professional learning, districts might also find the CA NGSS
Implementation Pathway Model (figures 12.1 and 12.2) helpful in thinking about planning
for professional learning. This resource provides a visual model for changes in teacher
understanding and practices that align with the state’s phases of implementation. Of
particular importance on figure 12.1 is the circular arrow between the stages of Deepening
Understanding of CA NGSS and Planning Instruction around CA NGSS. These two stages are
cyclical in nature. As teachers begin planning instruction aligned to the CA NGSS, they will
need time and resources to deepen their personal understanding of the key instructional
shifts of the CA NGSS laid out in the “Overview” chapter of this framework.
Figure 12.1. The CA NGSS Implementation Pathway Model
AWARENESS
STAGE 1
Initial Exposure
to NGSS

TRANSITION
STAGE 2
Deepening
Understanding
of NGSS

STAGE 3
Planning
Instruction
Around NGSS

IMPLEMENTATION
STAGE 4
Full Alignment
of Instruction
to NGSS

In figure 12.2, the outcomes focus on implications for teaching and learning as teachers
explore the key instructional shifts and the three dimensions of the CA NGSS, and begin
planning instruction around bundles of performance expectations. To meet the outcomes
in each stage of this model, teachers will need to dedicate significant effort toward their
professional learning. Schools and districts will need to provide support and time for this
learning to occur. It should be emphasized that all teachers in a school or district will not be
at the same stage at any given time. Thus, there will be a need to differentiate professional
learning for teachers in the coming months and years. In addition, the time needed to work
through these stages should not be underestimated.
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Figure 12.2. Stages in the CA NGSS Implementation Pathway Model
STAGE 1
Initial Exposure
to CA NGSS

STAGE 2
Deepening
Understanding of
CA NGSS

STAGE 3
Planning
Instruction
around CA NGSS

STAGE 4
Full Alignment
of Instruction to
CA NGSS

Teachers are beginning
to learn and become
familiar with the key
instructional shifts,
the three dimensions
of learning, and
the performance
expectations of the
CA NGSS.

Teachers engage in
ongoing research and
the building of personal
understanding of the
key instructional shifts,
the three dimensions
of learning, and the
performance expectations
of the CA NGSS.

Teachers begin planning
lessons and units aligned
to the three dimensions
and performance expectations of the CA NGSS,
returning to the previous
stage as needed to
ensure coherence with
the key instructional
shifts of the CA NGSS.

Teachers design
and plan instruction
aligned to CA NGSS
curriculum and
assessment.

Outcomes might
include
• describing the key
instructional shifts
of the CA NGSS and
discuss implications
for teaching and
learning;
• identifying the three
dimensions of the
CA NGSS;
• explaining the
anatomy and
architecture of a CA
NGSS standard;
• identifying CA
NGSS resources for
further study and
information

Outcomes might
include
• expressing how
teaching and learning
look in the CA NGSS
for any standard and
identifying each of the
dimensions connected
to the performance
expectation;
• describing what a
science and engineering
practice and crosscutting
concept would look like
in their classroom and
providing examples of
how they might engage
students in these
dimensions;
• for a performance
expectation, identifying
a possible performance
task that would assess
student learning around
the performance expectation.

Outcomes might
include
• reviewing grade-level
or subject area performance expectations;
• taking a current lesson/
unit and translating it
to the CA NGSS;
• using the BSCS 5E
instructional model or
similar model to plan
a learning cycle that
integrates the three
dimensions of the CA
NGSS;
• identifying and
describing a
performance task that
could be used in the
classroom to assess
student performance
and understanding
around a performance
expectation or
multiple performance
expectations.

Outcomes might
include
• implementing
formative and
summative assessments aligned to
CA NGSS;
• creating curriculum
maps or implementing district
curriculum guides;
• implementing CA
NGSS-adopted
curriculum that is
aligned to AIM,
EQuiP, or similar
rubrics.

Source: Spiegel, Quan, and Shimojyo 2014

In the final analysis, professional learning should serve as an umbrella that helps bring
together the district’s and school’s plans for curriculum, instruction, and assessment. Districts
need to consider short- and long-term plans for professional learning that work at the school
site, as well as the district level, and connect to regional support (e.g., county offices of
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education, California Science Project, California Science Teachers Association, K–12 Alliance/
WestEd). This plan needs to be supported with resources (time, money, expertise, and energy).

Collaborative Systems of Learning and Support
Implementing the NGSS will demand significant changes for everyone in
schools and districts, from students to teachers to school and district leaders.
All too often, though, we forget that implementing new standards requires
purposeful design of learning opportunities for everyone in the system to develop
an understanding of the standards and knowledge of the changes that will be
required for curriculum, assessment, and professional development.
— William Penuel, Christopher Harris, and Angela Haydel Debarger,
“Implementing the Next Generation Science Standards”
The CA NGSS were created by representative groups of teachers, administrators,
parents, guardians, families, content experts, industry, support providers, and education
professionals, each bringing a unique educational perspective into the development
process. In continuation of this collaborative effort, it is essential that each stakeholder
group play a vital role in the implementation plan to ensure the desired changes are both
successful and sustainable and that they provide all students with meaningful access to
learning opportunities centered on the CA NGSS. For implementation of the CA NGSS to be
successful, it will take members of all of these groups working with educators and students
to achieve the common goals. More specifically, effective planning and implementation of
science instruction aligned to the vision of the CA NGSS require the targeted coordination of
multiple systems of support represented by these diverse California stakeholders:
•

Teachers, teacher librarians, and teacher leaders prepared to engage in studentcentered teaching that engages students in three-dimensional science learning

•

School, district, and county office administrators who are knowledgeable and
supportive of the changes demanded by the CA NGSS

•

Afterschool, early childhood, and other expanded learning opportunities aligned with
and supportive of three-dimensional science learning that include collaborative and
coherent efforts between teachers and other education support professionals

•

College and university faculty involved in and advocates for high-quality science
instruction and preparation of future teachers

•

Community members and parents, guardians, and families who understand the reasons
for and are supportive of the changed approaches to science teaching and learning
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•

Formal and informal learning environments, including museums, libraries, science
centers and other venues that are fully committed to supporting CA NGSS

Effective progress takes place within these communities when it is aligned with an
ongoing cycle of implementation, reflection, and improvement of practice (Little 2006;
Penuel, Harris, and Debarger 2014; Fixsen et al. 2005; Fixsen and Blase 2009). The goal of
this vision is for teachers and other educational stakeholders to engage in a learning culture
that has the same characteristics—respect, intellectual engagement, and motivation toward
continuous improvement—that we hope to create for our students in the classroom as the
CA NGSS are being implemented.
Emerling and Gallimore (2013) present implementation models embedded in school
learning communities across 40 districts. The focus is on addressing learning needs common
to the members of the community; analysis of evidence is used to drive planning, decisionmaking, and critical questioning of practices. The context in which the learning community
operates is embedded in a system of collaboration and trust among teachers and school
leaders, all of whom recognize that change requires time, resources, continuous support,
and an appreciation of risk-taking as new instructional approaches are implemented.
Therefore, the new education context for science instruction and learning should focus
on the sustainability of the new instructional practices and education programs by fostering
a collaborative school culture that engages educators, students, parents, guardians,
families, education professionals, and community members (Fixsen and Blase 2009).
This process allows all stakeholders to position themselves as advocates and supporters
throughout all phases of the CA NGSS implementation.
The Next Generation Science Standards Systems Implementation Plan for California (CDE
2014) articulates specific guidelines that diverse stakeholders can use to coordinate and
support their implementation efforts (http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link2).
Finally, the ELA/ELD Framework states that teachers and educational leaders in schools
and districts with culturally, linguistically, and otherwise diverse populations will need to
examine their beliefs and attitudes toward students and their families. This is also true for
the implementation of the CA NGSS. This explicit reflection ensures that educators approach
all students with a positive disposition that both values the cultural resources and linguistic
assets students bring to the science classroom and supports them to use their resources
while expanding and adding new perspectives and ways of appropriating and using scientific
language (Lee and Buxton 2010; Lemke 1990).

1510

Chapter 12

2016 California Science Framework

Implementing High-Quality Science Instruction: Professional Learning, Leadership, and Supports

Educators at the Core of the CA NGSS Implementation
The confluence of three educational movements—the California Common Core State
Standards (CA CCSS), the CA NGSS, and 21st Century Skills—provides a unique and
unparalleled opportunity for student learning. The instructional shifts required by these
movements, from knowing to sense-making, set the bar high for student learning and even
higher for our schools. Teachers and administrators will not only have to consider a new
context and programs, but they will need to think differently about their roles and their
day-to-day work. The entire educational system will need to consider how to support these
shifts throughout teacher and administrator careers (from pre-service to in-service) and how
to implement policies and programs to support the transition from the awareness phase of
the CA NGSS through and beyond the full implementation phase of the CA NGSS.
The critical need for investment in teacher and administrator learning has been made
clear in efforts aimed at educational change. In the final analysis, there are no policies
that can improve schools if the individuals in them are not armed with the knowledge and
skills they need (Task Force on Educator Excellence 2012). Thus, this section builds on the
findings of the Task Force on Educator Excellence report Greatness by Design and provides
guidance on how to implement changes to current educational practices to meet the vision
of the CA NGSS.
Given the critical value of teacher knowledge of both subject-matter content and
pedagogical content (the most effective ways to teach students a specific subject), one
would assume that continuous professional learning would be paramount in our educational
system to promote student proficiency. Yet, the professional learning opportunities for
science teachers have severely diminished over the past 10 years and are nonexistent in
many schools. Dorph and her colleagues (Dorph et al. 2011), in a study of elementary
teachers in California, found that only about a third of teachers surveyed felt very
prepared to teach science, and more than 85 percent had not received any science-related
professional development in the past three years.
Likewise, more than half of California middle grades science teachers surveyed rated the
lack of professional development opportunities as a major or moderate challenge for quality
implementation (Hartry et al. 2012). Surveys conducted by the CDE have consistently
shown that sufficient support and professional development for the use of technology is not
available to many teachers (Task Force on Educator Excellence 2012). Teachers also need
more clarity in defining the most effective way to teach engineering in K–12 classrooms
(National Research Council [NRC] 2009).
Current professional learning opportunities for principals are also limited. According to
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Greatness by Design, “California principals reported being much less likely than those
in other states to have participated in an administrative internship, to have access to
mentoring or coaching, to have access to a principal’s network while on the job, or to have
participated regularly with teachers in professional development—a practice associated with
effective instructional leadership” (Task Force on Educator Excellence 2012).
This paradigm must change. To meet the more rigorous expectations embodied in the CA
NGSS, science teachers will need to teach in ways that are distinctly different than how most
have been teaching; administrators will need to evaluate teachers and support programs in
ways that are distinctly different than how most have been working as instructional leaders.
Together, teachers, administrators, parents, guardians, and communities will need to form
partnerships and collaborations to help all students reach their highest potential. To that
end, the LEAs and schools need to provide sustained, coherent, high-quality professional
learning experiences to teachers, administrators, parents, guardians, early childhood
and expanded-learning professionals, families, and community members that result in
enlightened learning environments for all students.
This section is organized into five sub-sections identifying the key components that allow
the creation of a coherent and continuous pathway for teachers to learn and shift their
instructional practices to meet the implementation demands of the CA NGSS:
1. From Professional Development to Professional Learning provides background
information about the movement toward professional learning as a way to describe
the types of learning experiences for educators engaged in continuous improvement.
2. Professional Learning Throughout a Teacher’s Career addresses educators
involved in providing pre-service education, district personnel involved in induction
programs, and teachers and district personnel involved in in-service professional
learning. The in-service portion of this section provides information on the elements
of effective professional learning for the CA NGSS, strategic planning for professional
learning, and examples of effective professional learning strategies.
3. Teacher Leadership suggests ways to build district capacity through teacher leadership.
4. Administrator Professional Learning and Leadership addresses both site and district
administrators and describes the importance of administrators understanding the skills
and knowledge of the CA NGSS to support the quality implementation of the standards.
5. Systemic Support for Professional Learning argues the need for quality support
(time, effort, funding, personnel, stakeholders) throughout the awareness, transition,
and implementation phases for CA NGSS and beyond.
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Implementation of the CA NGSS requires building a coherent pathway for educators in
which they are provided with learning environments that promote risk-taking/critical thinking
and resources (time, funding, and support) to reflect and improve on their instructional and
administrative practices.

From Professional Development to Professional Learning
It is clearer today than ever that educators need to learn, and that’s why
professional learning has replaced professional development. Developing is not
enough. Educators must be knowledgeable and wise . . . They must become
learners, and they must be self-developing.
—Lois Brown Easton, “From Professional Development to Professional Learning”
The shifts demanded by CA NGSS for teachers, administrators, and their support
community require a change in the way we think about professional development, staff
development, and training. The current fragmented menu of short, discrete professional
development offerings does not support the need for continuous collaboration required
to implement CA NGSS. Similarly, the one-shot workshops, or “sit ‘n get” sessions, do not
embrace the characteristics of effective professional learning necessary to achieve a deeper
understanding of CA NGSS.
The research-based characteristics of effective professional development suggest a
vision of teacher learning opportunities that are better described as professional learning.
Professional learning refers to planned and organized processes that actively engage
educators in cycles of continuous improvement guided by the use of data and active inquiry
around authentic problems and instructional practices (Coggshall 2012).
The following table 12.1, adapted from the National Comprehensive Center for Teacher
Quality’s publication Toward the Effective Teaching of New College- and Career-Ready
Standards: Making Professional Learning Systemic, summarizes key shifts for science
professional learning that distinguishes it from professional development.
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Table 12.1. Key Shifts for Science Professional Learning
MOVING FROM

MOVING TOWARD

Believing that professional development is some
people’s responsibility

Believing that professional learning
focused on student learning outcomes is
everyone’s job

Thinking individual goals for professional
development are separate from school site and
district goals

Aligning individual goals with school
site and district goals to provide greater
coherence

Using professional development as a means of
addressing deficiencies

Embedding professional learning in
continuous improvement

Seldom addressing standards for professional
learning

Using standards for professional learning

Providing professional development that takes
place outside of school, away from students, and
is loosely connected to classroom practice

Embedding professional learning in
daily work so that staff can learn
collaboratively and can support one
another as they address real problems
and instructional practices of their
classrooms

Engaging staff in professional development
unrelated to data and the continuous
improvement process

Engaging staff in a cycle of continuous
improvement, guided by the use of
multiple data sets and active inquiry

Providing one-shot or short–term professional
development with little or no transfer to the
classroom

Sustaining continuous professional
learning through follow-up, feedback, and
reflection to support implementation in
the classroom

Limiting professional development based on
scarce resources and discrete funding sources

Dedicating and reallocating resources
to support professional learning as an
essential investment

Source: Coggshall 2012

The shifts listed in table 12.1 guide the assumptions and recommendations found in this
chapter. Professional learning needs to be “center-stage” throughout the implementation of
the CA NGSS.

Professional Learning Throughout a Teacher’s Career
Much has been learned in the last several years about effective science instruction,
including the importance of paying attention to student thinking throughout instruction,
providing opportunities for all students to delve deeply into substantive scientific ideas, and
1514

Chapter 12

2016 California Science Framework

Implementing High-Quality Science Instruction: Professional Learning, Leadership, and Supports
metacognition (NRC 2000 and 2005). Similarly, the field has gained considerable knowledge
about effective professional learning experiences that provide teachers with opportunities
to reflect on their practice and to deepen their understanding of science and how students
learn science. To realize the potential of the CA NGSS, it will be critical to invest in
professional learning for teachers of science as well as for those who play an important
role in shaping what happens in classrooms (Banilower, Gess-Newsome, and Tippins 2014).
To support a three-dimensional learning environment in their classrooms, teachers must
experience the value of such an environment in their own learning experiences.
This section discusses strategies and provides suggestions to support teachers at every
stage of their career (pre-service, induction, in-service) with the knowledge, skills, and
dispositions necessary for effective teaching of the CA NGSS. Essential to this support is
the development of a learning community embedded in a system of collaboration and trust
among institutions, teachers, and school leaders. Members of the community recognize that
the change process requires time, resources, continuous support, and an appreciation of
risk-taking as new instructional approaches are implemented.
Looking at teacher professional learning as the first step is important because teacher
quality is one of the most important influences in student achievement and learning
(Darling-Hammond 2005). Key to the implementation of high-quality science programs
is having teachers who have deep content-area knowledge (Floden and Meniketti 2006,
261–308; Rice 2003; Wayne and Youngs 2003) and enhanced pedagogical skills (Rice
2003; Allen 2003; Boyd et al. 2005). Pedagogical content knowledge (Shulman 1986), or
the skills and knowledge of how best to facilitate student learning of specific content, is of
particular importance in helping students experience the three-dimensional learning process
represented in the CA NGSS. Therefore, it is necessary for teachers to understand how
children think and learn, how to differentiate instruction to fit students’ needs, and how to
assess learning continuously to diagnose students’ progress toward deeper understanding
(Darling-Hammond and Bransford 2005).
Given these factors, the expertise needed to implement the CA NGSS requires articulated
professional learning experiences throughout the teacher career continuum from pre-service
and induction to in-service. Linking these phases in a teacher’s career provides a context for
continuous professional growth that can result in teachers’ practices that engage students in
three-dimensional learning.
The emphasis on building students’ understanding of the core ideas, practices, and
crosscutting concepts over multiple grade levels implies that “teachers will need to appreciate
both the current intellectual capabilities of their students and their developmental trajectories.
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Toward this end, [all] teachers will need experiences that help them understand how students
think, what they are capable of doing, and what they might reasonably be expected to do
under supportive instructional conditions” (NRC 2012, chapter 11). In the context of newer
science and engineering practices, such as computational thinking, teachers are best able to
understand how students think by engaging in the practices themselves and reflecting on their
own learning experiences prior to integrating the practices into their classrooms.

Teacher Preparation
It is essential that all educators are well prepared and well supported in
order to have a stable, diverse, high-quality educator workforce that serves all of
California’s culturally and linguistically diverse students from preschool through
high school in every community.
— Task Force on Educator Excellence, Greatness by Design
As the CA NGSS are implemented across California, the phases of new teacher
preparation and induction are key factors in providing a pipeline of teachers with the skills
and knowledge to provide high-quality CA NGSS-aligned instruction. Educators of preservice teachers need to adjust their programs to reflect the three-dimensional learning
vision of the CA NGSS so that pre-service teachers have the opportunity to experience it as
learners. Factors to consider in the development of CA NGSS-aligned teacher preparation
programs include
•

student teaching opportunities that include content-rich experiences and integrated
learning experiences (particularly to those interested in the middle grades);

•

science and science methods classes that address three-dimensional learning with
emphasis on learning disciplinary ideas through the science and engineering practices
and crosscutting concepts rather than lecturing;

•

science methods classes that address pedagogical content knowledge that facilitates
student conceptual understanding of DCIs over time and how to address incorrect and
alternative student conceptions of those ideas;

•

science methods classes that address and student teaching experiences that focus on
the nature of science;

•

student teaching experiences with science teachers who are effectively incorporating
CA NGSS;

•

student teaching experiences that accurately reflect the integration of the CA NGSS
with the CA CCSS;
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•

effective examples of how engineering integrates into the science curriculum to
enhance understanding in all three dimensions of the CA NGSS (in both pre-service
teachers’ course work and student teaching);

•

science methods classes that address how to organize science instruction, including
how to 1) bundle performance expectations together to establish goals for units; 2)
identify appropriate phenomena that will engage students in the three dimensions;
and 3) sequence instruction using effective principles of lesson design such as the 5E
model of instruction.

Additionally, science education faculty and other educators (e.g., university field advisors,
master cooperating teachers) who provide pre-service instruction must be grounded in the
knowledge and skills within the context of CA NGSS to facilitate their students’ (pre-service
teachers) ability to address the vision in the CA NGSS. The Pre-service Experiences section
in chapter 10 of the NRC Framework provides valuable strategies aligned with CA NGSS for
science education faculty to start thinking about the implications for reforms required in the
teacher preparation programs. Other publications, Preparing Teachers—Building Evidence
for Sound Policy (NRC 2010a), Powerful Teacher Education, Lessons from Exemplary
Programs (Darling-Hammond 2006), and Exemplary Science for Building Interest in STEM
Careers (Yager 2012), are also important resources for guiding the design of high-quality
teacher preparation programs.

Induction for New Teachers
Teaching is hard and thoughtful work. New teachers often feel isolated and burdened
by the demands (both managerial and instructional) of working in a classroom. Yet, this
situation can be alleviated to a large degree by the implementation of effective preparation
and support programs specifically tailored to the needs of new teachers:
•

As part of the teacher induction process, pair beginning science teachers with
experienced science teachers to act as mentors rather than delegating induction
efforts only to general teacher induction specialists or programs. This connection may
help address the need for inclusion and may provide a sense of ownership to the
content and science department, leading to greater teacher retention.

•

Recognize and support the need for elementary teachers to receive science-specific
support and mentoring on the same level as that provided for mathematics and
language arts.

•

Ensure that beginning science teachers have comparable access to science teaching
resources and teaching space for hands-on instruction as other science teachers in
their school.
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•

Involve new teachers in available Professional Learning Communities or the like,
particularly science-specific ones, in order to promote and aid regular reflection on
their practice (Fulton, Britton, and Doerr 2010).

•

Encourage new teachers to attend science teacher conferences, institutes, and
workshops (and financially support them to do so).

Ongoing Professional Learning for In-Service Teachers
This section addresses the professional learning that is necessary for in-service teachers
and the ongoing support they require to implement the CA NGSS. This section incorporates
recommendations from Greatness by Design (Task Force on Educator Excellence 2012) and
Innovate: A Blueprint for Science, Technology, Engineering, and Mathematics in California
Public Education (STEM Task Force 2014). This section also discusses components of
effective professional learning plans from a variety of sources, in particular Loucks-Horsley’s
Professional Development Design Framework (Loucks-Horsley et al. 2010) as a planning
tool for districts and other research-based literature. Lastly, this narrative resonates with the
professional learning recommendations made in both the ELA/ELD Framework (CDE 2015)
and Mathematics Framework (CDE 2013).

Characteristics of Effective Professional Learning
Research has shown that certain characteristics of professional learning are more
effective than others in changing teacher knowledge and effectiveness. As the Task Force
on Educator Excellence notes in Greatness by Design, “Professional learning can have a
powerful effect on teacher skills and knowledge and on student learning. To be effective,
however, it must be sustained, focused on important content, and embedded in the work of
collaborative professional learning teams that support ongoing improvements in teachers’
practice and student achievement” (2012, 50).These findings are of particular importance
for quality implementation of the CA NGSS.
In particular, Reiser (2013) suggests four areas that make professional learning effective for
supporting science instruction and learning that is subject-matter centered, uses active
learning, is connected to teacher practice, and is coherent.
1. Subject-matter centered: Professional learning should be deeply connected to
up-to-date-subject matter (Garet et al. 2001; Wei, Darling-Hammond, and Adamson
2010). Teachers require a basic level of knowledge and skills with subject knowledge
deep enough and instructional methods broad enough to deliver a high-quality
curriculum to each student (National Board for Professional Teaching Standards 2007;
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Wilson 2011). In the case of the CA NGSS, this means that instructional practices
must be connected to the three dimensions of the CA NGSS (science and engineering
practices [SEPs], disciplinary core ideas [DCIs], and crosscutting concepts [CCCs])
and emphasize the specific content at the teacher’s grade level and the connection
of that content to other grades. For example, teachers must shift from teaching
procedures and rules to facilitating student reasoning around DCIs, SEPs, and CCCs
and from having students memorize facts to engaging them in critical thinking around
the three dimensions of the CA NGSS. Professional learning needs to help teachers
deeply understand teaching of the DCIs through the SEPs and CCCs, which are
discussed in detail in the “Instructional Strategies” chapter of this framework.
2. Active learning: Professional learning needs to involve active sense-making and
problem solving (Garet et al. 2001). The environment for teacher learning needs to
model what is expected to occur in classrooms. If the expectation is for teachers
to help students develop their meaning making and ability to solve problems, then
teachers need experiences in which they analyze cases, deconstruct examples of
students’ reasoning, and reflect on their own teaching practices to figure out what
can be applied to their teaching context. There are several effective strategies for
this: (a) classroom observation or videos to help teachers analyze classroom practice,
for example, student-to-student discourse; use of phenomena to raise questions;
student construction of explanations of target ideas; (b) lesson study focused on
the effectiveness of the lesson design on student learning; and (c) analyzing and
interpreting student work that represents student thinking, for example, analysis of
student notebooks from their prior knowledge of a target idea to their explanation of
their current understanding. Active learning includes both individual and collaborative
reflection (Desimone et al. 2002; DiRanna et al. 2008) in which teachers analyze
their thinking, share with others, and have multiple opportunities for feedback and
discussion.
3. Connected to Teacher Practice: Professional learning should connect deeply to
teachers’ practice. Since the 1990s, researchers (e.g., Ball and Cohen 1996; DarlingHammond 1995) have continued to underscore the importance of providing teachers
sufficient opportunities and support to apply changes in their own classroom practice.
Teachers need to “learn in, from, and for practice” (Lampert 2009). Strengthening
teacher content knowledge is important but not sufficient for teachers to translate
what they have learned into their classrooms (Heller et al. 2012). Heller’s research
found that “integrating content learning with analysis of student learning and
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teaching was more effective than advanced content or teacher metacognition alone.”
By connecting professional learning to teacher practice, teachers can focus on
transformative changes (Thompson and Zueli 1999, 341–375). Using high-leverage
practices is instrumental in initiating change in teacher pedagogy (Ball et al. 2009;
Smith and Stein 2011; Windschitl et al. 2012). For example, model-based and
evidence-based argument represents “dramatic divergences from common science
teaching practice, and thus are key in helping teachers make the shift to a pedagogy
aligned with . . . the [CA] NGSS” (Reiser 2013).
Changes in teacher practice must also include constructing collaborative learning
environments in which teachers work together to understand, apply, and reflect on the
reforms (Garet et al. 2001; Wilson 2013). Working together, teachers can debate their
interpretations of standards-aligned teaching, collectively make meaning, and reach
consensus. They focus on authentic problems by doing the science, analyzing student
work and analyzing how teaching facilitates learning (Darling-Hammond 1997).
4. Coherence: Professional learning needs to be part of a coherent system of support.
The adoption of the CA NGSS and the CA CCSS requires that professional learning
be front and center to drive quality implementation of the standards. Connecting
professional learning to classroom practice requires that teachers explore what a
coherent system—composed of student learning, classroom teaching, assessment,
and curriculum materials—needs in order to succeed; and they must work on making
changes across the corresponding parts of that coherent system (Reiser 2013).
In addition to the four characteristics addressed by Reiser (2013) and described above,
research indicates that the overall duration and collective participation in a community of
practice are important components of effective professional learning. Long-term professional
learning experiences with feedback loops and follow-up are most effective. Some
researchers indicate that professional learning lasting less than 80 hours is not fully effective
to achieve significant and sustained changes in classroom teaching practices (Supovitz
and Turner 2000; Banilower, Heck, and Weiss 2007). Not only is the total amount of time
devoted to professional learning important, so is the flow of the professional learning. The
span of time and the frequency over which the professional learning occurs are important
factors to consider. For example, job-embedded professional learning (e.g., lesson study or
analyzing current student work) that is based in the context of the teachers’ classroom has
been shown to be particularly useful (Fogarty and Pete 2009; Lewis 2008).
Collective participation in a community of practice (e.g., teachers within the same grade
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level, from the same school or department) is another important characteristic that makes
professional learning effective in transforming and sustaining teachers’ instructional shifts.
This type of participation builds school culture, establishes norms of trust, and provides
structure for the learning being part of “what we do” (National Institute for Excellence in
Teaching 2012). For all students to succeed in the CA NGSS, teachers will need to think
across grade levels, building on students’ foundations of conceptual understanding. While
the CA NGSS learning progressions help with the vision of this articulation, collective
participation by school staff is more likely to result in implementing the vision. See more
about communities of practice in examples of professional learning strategies.

Planning for Effective Professional Learning
The key instructional shifts required by the CA NGSS call for a more effective system
of professional learning. Teachers, specialists, paraprofessionals, and school and district
leaders need to identify personal and collaborative learning goals that articulate across grade
levels and departments, focusing on curriculum, instruction, and assessment strategies
that embrace the vision of the CA NGSS. The school, district, and other LEAs must become
“learning organizations” (Senge 1990) that are engaged in continuous improvement around
the implementation of the CA NGSS. At every level (grade level, department, school, district)
educators must see the implementation of CA NGSS as a professional learning community
with a shared vision that focuses on student learning, collaboration, collective inquiry, shared
practices, reflection, and results (Louis, Kruse, and Marks 1996, 179–203; DuFour 2004;
Hord and Sommers 2008).
County offices of education, districts, schools, and professional learning providers can
use the Designing Professional Development for Teachers of Science and Mathematics
(Loucks-Horsley et al. 2010) as a resource for planning these types of learning experiences.
This book places the design of professional learning firmly within the context of standardsbased reform and a performance-based culture that seeks to continuously improve
professional practice and student achievement (ix).
Through their research with outstanding national professional developers, Loucks-Horsley
and her colleagues (2010) found that there were no effective models of professional learning.
Instead, they discovered that effective programs had several common characteristics. They
were designed to meet various factors, to change over time, and to adapt to particular goals
and contexts. There were no formulas; instead, the designers used a process of thoughtful,
conscious decision making. The authors used these factors and processes to create the
Professional Development Design Framework as seen in figure 12.3 below.
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Figure 12.3. Professional Development Design Framework
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At the center of the design framework, illustrated in the six squares connected with
horizontal arrows, is a planning sequence that includes the following topics: (1) committing
to a vision and a set of standards; (2) analyzing student learning and other data; (3)
goal setting; (4) planning; (5) doing; and (6) evaluating. The circles above and below
the planning sequence represent important inputs into the design process that can help
designers of professional learning make informed decisions. These inputs prompt designers
to consider the extensive knowledge bases that can inform their work (knowledge and
beliefs), to understand the unique features of their context, to draw on a wide repertoire
of professional development strategies, and to wrestle with critical issues that science
education reformers will encounter.
While there is no exact starting place in using the design illustrated in figure 12.3, there
is a major caution to not start with strategies even though those are often most appealing.
Instead, the use of data (what are the assets, what are the needs) is encouraged. Additional
considerations should be made, such as thinking about short- and long-term approaches
(up to five years), considering teacher career trajectories, and supporting teachers
accordingly (Task Force on Educator Excellence 2012). Planning broadly for the awareness,
transition, and full implementation phases of the CA NGSS is also a recommendation.
However, developers of professional learning must also be mindful of the need to be
flexible and adaptive, and they must be willing to refine their ideas as the implementation
process is being evaluated. As the design and implementation phases are taking place,
recommendations from Innovate: A Blueprint for Science, Technology, Engineering, and
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Mathematics in California Public Education (STEM Task Force 2014) and characteristics of
effective professional learning should also be considered during the design phase.
A note of caution: while the professional development design framework in figure 12.3
looks linear and sequential, it really is not. What is most important is to pay attention to the
four core design inputs, where they impact the design of the program, and how they are
addressed as implementation occurs.

Strategies
Strategies refer to proven methods for professional learning. These experiences
are robust, consistent with the principles of effective professional learning, and meet
the requirements for transformative learning experiences (Thompson and Zeuli 1999,
355–357). Effective strategies for implementation of the CA NGSS range from meeting
awareness needs to meeting implementation needs as districts and schools move toward full
implementation. Consider multiple learning experiences for teachers to build their content
and pedagogical content knowledge and examine their practices. The learning experiences
should create high levels of cognitive dissonance to cause teachers to reflect on their
current beliefs/practices versus new information about the CA NGSS and then provide time
and support for the teachers to think through the dissonance they experience.
Following the recommendations of Innovate: A Blueprint for Science, Technology,
Engineering, and Mathematics in California Public Education (STEM Task Force 2014),
districts can take the following steps:
1. Participate in statewide professional learning networks (e.g., California Science Project
[CSP], California Science Teachers Association [CSTA], K–12 Alliance/WestEd).
2. Participate in the professional learning offerings of local science organizations (e.g.,
county offices of education and informal science sites such as zoos, aquariums,
museums, and field-based environmental education experiences).
3. Coordinate with expanded learning programs (e.g., after-school programs) or early
childhood programs (e.g., preschool) to offer articulated professional learning for all
teachers that span the grade bands. For example, the after-school robotics program
might coordinate with the regular school-day program.
4. Plan for leadership training for teachers and administrators. Leadership is key to
sustaining professional learning for districts and schools (see the section on teacher
and administrator leadership). The plan must include strategic opportunities for
teachers and administrators to be supported and fostered as leaders.
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5. Although not included in Innovate, districts can also encourage teachers to take
additional course work in their content area, with an emphasis on courses that involve
the teachers in active learning.

Examples of Effective Professional Learning Strategies
In this section, several types of strategies and delivery structures are discussed. There
are three essential “take-away” messages for selecting professional learning strategies
beyond the obvious requirement that the strategies have to match the larger context and
address effective characteristics of professional learning:
•

First, one-size strategies do not fit all teacher learners.

•

Second, multiple strategies and delivery structures are needed to meet the complex
learning goals for the CA NGSS.

•

And third, without long-term support in terms of policy, procedures, and resources
(including time and fiscal resources), none of the strategies can be effective.

Many strategies for professional learning can be used; what is critical is that their
selection be based on a comprehensive plan for professional learning coordinated at the
district and school levels and informed by teachers and other staff (CDE 2015). With that in
mind, Loucks-Horsley et al. (2010) suggest four categories of strategies that can be helpful
in designing CA NGSS professional learning experiences:
1. Immersion in Content, Standards, and Research. The complexity of the CA NGSS
demands that teachers, other staff, and administrators not only become aware of the
standards, but that they deeply immerse themselves in them. This includes providing
content knowledge background across K–12. Content knowledge, in addition to
the disciplinary core ideas in life, Earth, and physical science and engineering, also
includes knowledge of the science and engineering practices and the crosscutting
concepts. Professional learning of modern scientific practices, such as computational
thinking, modeling and simulation, can be gained at workshops offered by partners
from industry and/or universities. Immersion might include enrolling in carefully
chosen college classes, taking part in industry-related job shadowing or summer
work-experience opportunities, or doing field studies with a college-level faculty
advisor. As students are asked to grapple with the nexus of three-dimensional
learning, teachers will also have to experience new types of learning that challenge
old paradigms and help them internalize the vision of the CA NGSS (see “Overview”
chapter). Strategies in this category need to be ongoing to provide refinement of
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teachers’ thinking as they implement the standards.
2. Examining Teaching and Learning. This is the crux of the implementation for the CA
NGSS. The nuances of the standards, the changes in pedagogy to have students learn
content through practices, and the assessments that will measure three-dimensional
learning will require in-depth and long-term professional learning experiences. These
experiences need to transform individual teacher practice as well as influence the
teaching practices of their colleagues. Indeed, these professional learning experiences
need to transform the school culture. Multiple strategies fit into this category: (1)
analysis and interpretation of student work; (2) demonstration lessons by a peer,
coach, or professional development provider; (3) lesson study during which a team of
teachers designs, teaches, and analyzes the impact of the lesson design on student
learning; (4) action research in which teachers investigate the effectiveness of
something they care about (e.g., trying various instructional strategies to determine
which has the greatest impact on student learning); (5) case discussions in which
collaborative groups discuss important educational or instructional topics; (6)
coaching; and (7) mentoring. Each of these strategies has protocols that are too
complex to explain in this document, but all of them require analysis, reflection,
and improvement based on data. An important addition to the list is developing an
understanding of formative assessment as an instructional tool. As these types of
strategies are considered, it is important to recognize that these strategies are most
effective when delivered collaboratively by skilled facilitators. Once the appropriate
strategies for a professional learning plan are determined, these strategies need to be
supported with sufficient time and appropriate expertise and funding.
3. Aligning and Implementing Curriculum. It is a challenge to provide quality,
in-depth professional learning experiences for every teacher. Often the instructional
materials are the only tools teachers have to become better prepared to teach
science. Thus, the selection of the instructional materials is extremely important to
helping teachers understand and implement the CA NGSS. Instructional materials
are also an opportunity to educate teachers and can provide a strong basis for
teacher learning. Implementation of the instructional materials requires ongoing
support, but this support is not a substitute for comprehensive professional learning.
No instructional materials can address every classroom situation. Teachers must be
able to understand student thinking and adapt materials or find other resources to
improve understanding for all students. As strategies in this category are considered,
instructional materials and ancillary resources should also be included to support
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instruction. How might teachers learn how to use tools and processes to help
organize student exploration? How can teachers (and administrators) learn to be
critical consumers of instructional materials? How can teachers learn to use the
Educators Evaluating the Quality of Instruction Products (EQuiP) rubric from Achieve
to evaluate instructional units or lessons?
4. Professional Collaborations. Community and leadership cannot occur if teachers
remain isolated from each other. Departments and schools should institute policies
and procedures that support (1) teacher collaboration (within grade levels, across
grade levels, as well as within a subject and across subjects); (2) risk taking; (3)
collegiality with other teachers, including specialists for English learners and those
supporting students with disabilities, as well as with experts outside of the school
environment; and (4) teacher leadership opportunities within, and outside of, the
school. Developing this community requires recognition that professional learning is
a lifelong process that is best nurtured within the norms and culture of the school
(Mundry and Stiles 2009, 5).
The creation of learning communities among professionals in different educational roles
is one of the most effective vehicles for fostering learning while implementing the CA NGSS.
These communities should include rather than exclude, create knowledge rather than
merely apply it, and offer both challenges and opportunities as teachers and administrators
become leaders and colleagues in this process.
As research on effective educational school reform continues to grow (Fullan 2001;
Fixsen and Blase 2009), the social practices that operate within the school environment
have the potential to foster and strengthen highly collaborative professional communities.
Throughout the phases of implementation of the CA NGSS, teachers, principals, and other
administrators must position themselves as learners and engage in collaborative work with
colleagues to transform new classroom experiences into teaching expertise (Weinbaum and
Supovitz 2010; Weinbaum et al. 2004).
Through these social practices, teachers and school leaders play the roles of both
experts and learners, recognizing and building knowledge from practice and encouraging
one another to continually seek better ways of reaching students. In Teachers–Transforming
Their World and Their Work, Lieberman and Miller (1999) paint a clear picture of effective
school collaboration in which individual classroom practices and organized school culture
allow schools “to be places where children and adults can learn and thrive.”
Professional Learning Communities (PLC) (DuFour 2004), a type of professional
1526

Chapter 12

2016 California Science Framework

Implementing High-Quality Science Instruction: Professional Learning, Leadership, and Supports
collaboration, incorporate a solid foundation consisting of collaboratively developed
and widely shared mission, vision, values, and goals; cooperative teams that work
interdependently to achieve common goals; and a focus on results as evidenced by a
commitment to continuous improvement (Eaker, DuFour, and DuFour 2002). In a CA NGSSaligned PLC, effective progress takes place in a way that is aligned with an ongoing cycle
of implementation, reflection, and improvement of practice (Little 2006; Penuel, Harris, and
Debarger 2014; Fixsen et al. 2005; Fixsen and Blase 2009). This stance puts forth a vision
in which teachers and other educational stakeholders engage in a learning culture that
reflects the same characteristics of respect, intellectual engagement, and motivation toward
continuous improvement that we hope to create for our students in the classroom as the
CA NGSS are being implemented. The context in which the learning community operates is
embedded in a system of collaboration and trust among teachers and school leaders and
engages parents, guardians, families, education professionals, and community members
(Fixsen and Blase 2009). This process allows all stakeholders to position themselves as
advocates and supporters throughout all phases of the CA NGSS implementation.
Creating these collegial structures in schools is crucial for successful implementation of
the CA NGSS in combination with the CA CCSS for ELA/Literacy, the CA CCSSM, and the CA
ELD Standards. Analyzing and finding integration opportunities requires that teachers be
given the time to collaborate frequently and regularly to assess students’ accomplishments,
learning, and needs and plan for integrated and interdisciplinary instruction. These
collaborative opportunities need to occur within grades, across grade spans within schools,
and among elementary, middle, and high school programs.

Delivery Structures
Many structures can be used to deliver professional learning. Loucks-Horsley et al. (2010)
suggest four: (1) study groups; (2) workshops, institutes, and seminars; (3) professional
networks; and (4) online professional learning. Each of these structures allows a variety of
specific strategies to be used within the structure, yet some structures are better than others
for the goal of the learning. For example, if the goal is to increase teacher content knowledge
for the CA NGSS, selecting a short-term workshop may not be the wisest choice, whereas
a multiple-day institute might provide more opportunities for teachers, like their students,
to use SEPs and CCCs to develop DCI understanding. Likewise, even with an appropriate
structure for the initial learning, several overlapping structures might be needed to fully
reach the intended outcome. In the case of the multiple-day institute, the end goal would
be to teach using the new knowledge and skills in the classroom. In this case, coupling the
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institute with a study group of some kind (e.g., grade-level meeting, professional learning
community) might bring about the desired results more readily and effectively.
When selecting delivery structures, coherence with existing school or district plans and
structures as well as cultural norms at the school site must be considered. How will these
delivery structures build on what already exists? What support do you need to develop or
use these structures—for example, who can facilitate? What is the human capacity within
the district or school? When might outside facilitators be required?
In terms of online professional development, the advantages and disadvantages for
using this approach need to be assessed: What type of technology is necessary? What
type of training is further necessary to optimally use the technology for this purpose? Who
will monitor online conversation threads? Should the online component stand alone, or are
there reasons for face-to-face sessions? Careful analysis of online resources for professional
learning is required to match appropriate needs. The Next Generation Science Standards
Systems Implementation Plan for California (CDE 2014a) calls for the expansion of CDE’s
Professional Learning Modules to include modules targeting the CA NGSS implementation.
In summary of the planning process for in-service professional learning, it is paramount
to reflect on the Professional Development Design Framework components (knowledge
and beliefs, context, critical issues, and strategies) to help focus on a specific vision and
goals aligned with the local contexts and needs. The implementation plan must be strategic
and thoughtful, and it should be collaboratively evaluated on a regular basis by teachers,
administrators, parents, guardians and the community in light of the resulting professionallearning experiences. Professional learning providers and educators should revisit beliefs
about teacher learning and continually check the choice of strategies against the changing
context of the district to maximize the effectiveness of the plan. Core strategies should be
kept as foundational, but planners should be open and flexible to meet the emerging needs
of the educators. Finally, and most importantly, teachers, professional developers, and
administrators should engage in their own cycle of continuous improvement and become a
community of learners.
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Teacher Leadership
Ultimately, developing and implementing effective professional learning for teachers
takes expertise, which requires district capacity. The continued use of outside expertise
can diminish the district’s capacity to build internal leadership; conversely, using in-house
personnel without the necessary expertise can hinder the CA NGSS learning experience.
Districts must consider how to build teacher, curriculum, and administrative leadership,
with the assistance of outside sources, to strengthen their long-term capacity to implement
the CA NGSS. For this reason, leadership for professional learning should be shared among
many individuals at the school and district levels. Every district will have some teachers who
have stronger science backgrounds and are more active in seeking opportunities to develop
their capacity to provide three-dimensional science learning opportunities. Identifying these
“early adopters” and giving them both support for their own learning and leadership roles
(by providing additional learning opportunities and networking opportunities outside of the
district) in supporting other teachers to adapt their teaching to meet the demands of these
new standards can be an effective way to strengthen a school or district’s professional
learning networks for science.
This section begins with teacher leadership as a core strategy for implementing the CA
NGSS because research (Bybee 1993; Lieberman and Miller 2004; Weiss and Pasley 2009;
Penuel, Harris, and Debarger 2014) indicates that leadership and support are required
for professional learning experiences to be turned into changes in teaching and learning
practices. Teacher leadership is associated with increased teacher learning and creating
collaborative professional cultures (York-Barr and Duke 2004) as well as being positively
related to increased student achievement (Waters, Marzano, and McNulty 2003).
Teacher leadership addressed in this section resonates with a definition of leadership
from Julian Weissglass (1998): “Teacher leadership is about taking responsibility for
what matters to you.” In other words, teacher leaders include every teacher, those who
are seeking or are designated teacher leaders, department chairs, teachers on special
assignment, mentors and coaches, etc. In other words, everyone has the capacity for
leadership, and one goal of science teacher leadership is to have many, rather than a few,
people leading creatively every day and in all aspects of their lives (Kaser et al. 2002). This
view of teacher leadership differs from the traditional view in that leadership is not about
power and authority. Instead, it embraces five practices of exemplary leaders (Kouzes and
Posner 2001) as listed in table 12.2.
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Table 12.2. Practices of Exemplary Leadership
PRACTICES OF EXEMPLARY LEADERS

DESCRIPTOR

Challenging the process

Searching for opportunities to change the
status quo and innovative ways to improve

Inspiring a shared vision

Seeing the future and helping others create
an ideal image of what the organization can
become

Enabling others to act

Fostering collaboration and actively involving
others

Modeling the way

Creating standards of excellence and leading
by example

Encouraging the heart

Recognizing the many contributions that
individuals make, sharing in the reward of
their efforts, and celebrating accomplishments

Leadership development is not as simple as creating better classroom teachers; it
requires explicit attention, clear expectations, and resources (time and expertise) (Friel
and Bright 1997). Science teacher leaders need to possess (1) an in-depth knowledge of
the science in the CA NGSS; (2) thorough knowledge of the best practices in teaching and
learning aligned to the three-dimensionality of the CA NGSS; (3) an understanding of school
culture, organization, and politics; (4) an understanding of change theory; (5) knowledge
of how adults learn; and (6) practices that embrace continuous improvement. Additionally,
leaders need skills in facilitation and communication, using data and decision making, and
organization, to name a few.
Teacher leaders can take on a variety of roles to help colleagues and other educators,
as well as parents, guardians, and community members become more aware of the shifts
required by the CA NGSS and to deepen teacher practices to align with the CA NGSS.
These roles include leading in the areas of (1) instruction and assessment with particular
attention to the nexus of the three dimensions; (2) curriculum and instructional materials
with particular attention to access and equity for all students; (3) school culture that is
supportive and proactive for the implementation of the CA NGSS; (4) community support
and advocacy for science as a core subject; and, (5) science teacher implementation of the
Common Core literacy standards.
To develop these knowledge and skill sets, teacher leaders need professional learning
targeted toward leadership. Learning experiences are most productive when they occur over
time, provide feedback, and ground the leaders in science content, teaching and learning,
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and authentic work experiences (Fullan 2001; Kaser et al. 2002; Wei, Darling-Hammond,
and Adamson 2010). Districts need to develop leadership programs that embrace these
attributes, and/or encourage their teacher leaders to participate in these types of leadership
experiences through programs such as the California Science Project, the K-12 Alliance/
WestEd, and the California Science Teachers Association.
There are also multiple, effective teacher leadership strategies. A few strategies are
addressed here (adapted from Garmston and Wellman 1999):
•

Presenting: The science leaders seek to extend and enrich knowledge, skills or
attitudes of the audience around the CA NGSS. Presentations can be made at staff
meetings, district meetings, or professional organizations (e.g., CSTA, NABT, APPT).

•

Consulting: The science leaders serve as informational specialists or advocates for
content. They deliver technical knowledge and often encourage the participants to use
a certain strategy or adopt a particular program that aligns with the CA NGSS.

•

Facilitating: The science leaders conduct meetings in which the purpose might be
dialogue, shared decision making, planning or problem solving around the CA NGSS.
Facilitating Professional Learning Communities in which the grade level or staff utilizes
data to make decisions about instruction, is one example.

•

Coaching: The science leaders helps others take action toward their goals through
planning, reflection, and self-direction. Coaching may be mentoring or instructional,
peer or supervisory. Wei, Darling-Hammond and Adamson (2010) document the
efficacy of coaching that includes modeling instruction, observation, and feedback.

Teacher leaders should be given opportunities to lead. The challenge for most schools
and districts is finding resources (time, personnel, and funding) to support it. Districts and
schools are encouraged to consider how to
•

use teacher leaders through the various stages of CA NGSS implementation—
awareness, transition, full implementation;

•

include elementary science specialists who build a culture of science with students and
teachers, collaborate with teachers in planning, co-teach with teachers, and provide
content and material support;

•

build on collaborative structures that already exist for the CA CCSS and can be
transitioned to CA NGSS with techniques such as using Professional Learning
Communities, staff meetings that include teachers teaching other teachers, and gradelevel meetings that adopt a stance of inquiry and shared leadership;

•

use or initiate strategies such as instructional rounds or critical friends groups aligned
to the CA NGSS;
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•

provide time and space for leaders to lead and reflect on their leadership;

•

create teacher leadership positions such as a teacher on special assignment (TOSA) or
a science teacher leader on the district professional learning team;

•

use technology for teacher leadership. For example, while it may be ideal for teachers
to observe exemplary teaching in a face-to-face environment, videos of teaching can
be used to simulate the experience followed by collaborative conversations about
instructional practice. Teachers and instructional coaches can also engage in online
communities of practice to share ideas, ask questions, provide feedback on student
work or lesson plans, and a variety of other tasks that are suitable for collaboration in
virtual environments.

Administrative Leadership and Professional Learning
Realizing the vision of the CA NGSS requires complex changes to the education system
and to its culture. For these changes to be enacted and sustained, leadership must be
employed at multiple levels and across time so that the CA NGSS will be integrated into
curriculum, instruction, and professional learning and into the culture of schools and
school districts. Site and district administrators play a key role in creating safe learning
environments for students and teachers and in establishing policies and procedures that
facilitate the full implementation of the CA NGSS, including empowering teachers and site
administrators to use resources flexibly. This section discusses how administrators can
address their professional leaning aligned to the CA NGSS vision to enable them to create
the structures and support for teachers to implement the CA NGSS in the school and
classroom.
Site principals are particularly important. Based on commonalities of successfully
implemented programs, Fixsen and colleagues (Fixsen et al. 2005, Fixsen and Blase 2009)
identified key core implementation components to guide principals in supporting behavioral
and system changes to implement and sustain innovation. Achievement levels are higher
in schools where principals (a) undertake and lead a school reform process; (b) act as
managers of school improvement, including strategically allocating resources and support;
(c) cultivate the school’s vision; (d) make use of student data to support instructional
practices; (e) help individual teachers through support, modeling, and supervision; (f)
provide assistance to struggling students; and (g) foster collaboration and engage families
and community (Leithwood and Jantzi 2005; Williams, Kirst, and Haertel 2005; Waters,
Marzano, and McNulty 2003).
To enable administrators to become competent with the CA NGSS, district and school
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administrators should take the following steps:
Promote a culture of collaboration
•

Join teachers as learners and engage in collaborative work with colleagues to
transform new classroom experiences into teaching expertise (Weinbaum and Supovitz
2010; Weinbaum et al. 2004).

•

Work with teachers to plan and develop tools to provide relevant feedback regarding
observable instructional practices representing all three dimensions of CA NGSS
learning.

•

Form networks of their colleagues to try new strategies (e.g., science-oriented
instructional rounds, CA NGSS-aligned observation protocols) with time for reflection
and feedback as part of the continuous improvement cycle.

•

Attend science professional conferences (e.g., NSTA, CSTA, State CA NGSS Roll Outs,
local programs offered by the local county office of education) with other leaders to
exchange and reflect on their own experiences.

Educate themselves
•

Learn about what high-quality science instruction looks like in the classroom; the three
dimensions of the CA NGSS and how they are connected; and the exploratory and
experimental approaches of instruction that support student and teacher learning.

•

Read The Next Generation Science Standards Systems Implementation Plan for
California (CDE 2014a) (http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link3) and enact
the suggestions for the LEAs for the eight strategies, with particular attention to the
professional learning strategy.

•

Read and understand the California Common Core State Standards for Literacy in
History/Social Studies, Science and Technical Subjects and the role of science teachers
in providing access to those standards for all students.

•

Read and understand the CA ELA/ELD Framework and the vision for shared
responsibility for literacy and integrated ELD.

•

Read and understand the CA Model School Library Standards and the role the
integration of these standards play in preparing students for college and career
readiness.

•

Understand the meaning of integrated science driven by phenomena and how this
differs from coordinated science (particularly important for the middle grades using the
Preferred Integrated model, but relevant to all levels).

2016 California Science Framework

Chapter 12

1533

Implementing High-Quality Science Instruction: Professional Learning, Leadership, and Supports
Prioritize science alongside other instructional needs
•

Convey high expectations for science instruction aligned with the CA NGSS.

•

Work with all stakeholders to ensure that the Local Control Accountability Plan (LCAP)
addresses the implementation of the CA NGSS and specifically addresses professional
learning for teachers, administrators, and address the needs of any of those pupils to
whom one or more of the definitions include low income, English learner, and foster
youth.

•

Modify policies and procedures to meet the goal of providing access to all science
standards for all students.

•

Develop a communication plan for teachers, parents, and community that ensures
consistent messaging and emphasizes the need to support teachers transitioning to
CA NGSS.

According to City et al. (2009), “In most instances, principals, lead teachers, and
system-level administrators are trying to improve the performance of their schools without
knowing what the actual practice would have to look like to get the results they want at
the classroom level.” To support the CA NGSS, district and school administrators need to
understand what high-quality science instruction looks like in the classroom. By seeing
themselves as chief educators, they will support their teachers more effectively.
Administrators often use instructional rounds or other observation protocols designed to
provide structure to classroom visitations and observations. New protocols will be needed
for administrators to conduct classroom observations of instruction and learning aligned
with the CA NGSS. Protocols should also contain the instructional strategies for the CA NGSS
classroom described fully in the “Instructional Strategies” chapter. Having a tool to focus
observations on the three dimensions of the CA NGSS will provide much needed feedback
to the teacher about how well the lesson provides opportunities for students to experience
all three dimensions. Tools such as the Science Classroom Observation Protocol developed
by RMC Research Corporation in collaboration with the Washington’s State Leadership
and Assistance for Science Education Reform (RMC Research Corporation 2010) provide a
suggested framework for classroom observation to support CA NGSS implementation. The
observations reveal what students are doing, such as (Banilower et al. 2008)
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•

revealing preconceptions, initial reasoning, or beliefs;

•

using evidence to generate explanations;

•

communicating and critiquing their scientific ideas and the ideas of others;

•

making sense of the learning experience and drawing appropriate understandings;
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•

making connections between new and existing scientific concepts by understanding
and organizing facts and information in new ways;

•

reflecting on how personal understanding has changed over time and recognizing
cognitive processes that lead to changes.

All the components discussed above must be integrated into the culture of the
organization implementing the changes. Educational leaders are essential in maintaining
the vision of equitable science opportunities for all students by promoting strategies and
identifying resources for equitable access and equitable participation in science learning.
Another observation tool is the Ambitious Science Teaching observation rubric. Ambitious
Science Teaching supports students of all backgrounds to deeply understand science ideas,
participate in the activities of the discipline, and solve authentic problems. Information and
tools for the implementation of Ambitious Science Teaching are available online at http://
www.cde.ca.gov/ci/sc/cf/ch12.asp#link4.

Shared Leadership and Responsibility
The ELA/ELD Framework (CDE 2015) discusses the critical need for shared leadership
and responsibility. Skilled and inspirational leadership is also essential to the successful
implementation of the CA NGSS. Leadership, as conceptualized in this framework, is
distributed among many individuals within a school and district. It is not confined to
administrators but involves a range of individuals who lead important professional systems
and practices. Key leaders motivate, guide, support, and provide the necessary resources,
including time and appropriate compensation, to teachers and others to accomplish the
many goals and tasks associated with implementing a high-quality program. All leaders at
the district and school levels are actively engaged in leading the implementation of this
framework and related standards.
Research on effective professional learning (Desimone 2009) and on effective
implementation, or change, (Fixsen and Blase 2009) points to collective participation and
facilitative administrative action as important elements of success. Collective participation
occurs when teachers in the same school, grade level, or department participate in the same
professional learning. This collective participation has the potential to promote collaboration,
discussion, and shared responsibility (Borko 2004; Darling-Hammond and Sykes 1999;
Grossman, Wineburg, and Woolworth 2001; Lewis, Perry, and Murata 2006; Stoll and Louis
2007; Wilson and Berne 1999). Collective participation resonates with Wenger’s (1998)
social theory of learning, which suggests that learning, rather than being solely an individual
process, is social and collective and that many people learn in communities of practice. Most
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researchers and reformers agree that in communities of practice teachers work together to
•

reflect on their practice, forming social and professional bonds;

•

develop shared understandings about practice and work to refine particular effective
practices;

•

collaborate on problems of practice using evidence, such as student work and
assessment data;

•

view their teaching from a critical stance, confront challenging topics (such as
approaches they have tried but that have failed), and engage in difficult conversations
(such as beliefs and attitudes about groups of students);

•

provide mutual support and mutual accountability;

•

learn to deal constructively with conflict;

•

focus on their improvement to achieve student improvement.

Working together to create new program supports, examine student learning, and solve
problems is the concrete path to shared responsibility and ownership for student learning
outcomes. As goals and priorities are articulated by leaders and all school staff share in
deciding next best steps, all teachers, specialists, administrators, and other staff need to
assume leadership roles for implementing elements of the plan. These roles are carried out
in collaborative settings designed to maximize trust and mutual support. The contributions
and worth of every member of the team are honored, nurtured, and supported within a
truly collaborative culture. Although conflicts will arise, leaders use effective strategies for
leading collaborative work and establishing agreements for “how group members work
together, think together, [and] work with conflicts” (Garmston and Zimmerman 2013) to
arrive at resolution and creative solutions (CDE 2015).

Critical Issues
According to Loucks-Horsley et al. (2010), issues “critical to the success of programs
everywhere, regardless of context” include (a) capacity building for sustainability, (b)
making time for professional development, (c) developing leadership, (d) ensuring equity
and diversity, (e) building professional culture, garnering public support, and (g) scaling up.
The idea is that prior consideration of these factors can help professional developers avoid
commonly encountered pitfalls and can help to ensure success of the program. Consider
leadership as “taking responsibility for something you care about” (DiRanna and Osmundson
2008). Consider equity not only in terms of participants but also in terms of logistics (e.g.,
summers, weekends, childcare). Consider how every teacher and administrator in the
district will be knowledgeable about the CA NGSS and capable of teaching in or supporting
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a program that aligns with the vision for the CA NGSS. Consider alliances with other
educational efforts—how can what you learned from CA CCSS inform your professional
learning for the CA NGSS?

Systemic Support for Professional Learning
To reform classroom instruction that aligns with the vision of the CA NGSS, teachers
must feel supported in adapting and revising their day-to-day instructional practices and
have the time to reflect on how they impact students’ learning. It is the responsibility
of educational leaders to create within the school or district structures appropriate
and sufficient space and time to allow the development of teacher-led collaborations
(Weinbaum and Supovitz 2010). Leaders will also need tools to gather evidence regarding
the implementation process in order to evaluate (both formally and informally) their
school’s progress. This evidence will allow them to design timely support mechanisms to
foster implementation of reforms while also assessing students’ opportunities for equitable
learning (NRC 2013). This alignment of competencies and roles between teachers and
school and district leaders is best realized within a system of distributed leadership (Harris
and Spillane 2008) in which motivation and trust constitute the fertile ground to accomplish
goals and tasks associated with implementing the CA NGSS while also coordinating with the
implementation of other standards-based efforts. Two key components for implementation—
tools for implementation and funding—are discussed below.

Tools for Implementation
Much is currently being tested and learned from the nationwide implementation of the
CCSS, and action-planning tools are being developed to assist school leadership teams in
the process of implementing the interconnected components of the CCSS. These tools are
also useful resources to guide the parallel implementation of the CA NGSS in California
classrooms while targeted CA NGSS materials are being developed:
•

Leadership Planning Guide for California: Common Core State Standards and
Assessments Implementation: http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link5

•

Implementation of the Common Core State Standards: A Transition Guide for SchoolLevel Leaders: http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link6.

•

Association of California School Administrators: http://www.cde.ca.gov/ci/sc/cf/ch12.
asp#link7

•

CA NGSS K-8 Early Implementation Initiative: http://www.cde.ca.gov/ci/sc/cf/ch12.
asp#link8
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The Next Generation Science Standards Systems Implementation Plan for California (CDE
2014a) outlines the following multiple-phase approach in preparing for and implementing
the CA NGSS:
•

The awareness phase represents an introduction to the CA NGSS, the initial planning
of systems implementation, and establishment of collaborations.

•

The transition phase is the concentration on building foundational resources,
implementing needs assessments, establishing new professional learning opportunities,
and expanding collaborations between all stakeholders.

•

The implementation phase expands the learning support; fully aligns and integrates
curriculum, instruction, and assessments; and effectively integrates these elements
across the field.

Classroom Space and Equipment
Faithful implementation the CA NGSS will require consideration of classroom space and
equipment necessary for students to fully engage in the performance expectations and
supporting SEPs, DCIs, and CCCs. Many physical and biological concepts are introduced in
elementary grades—with appropriate modifications for age and brain development—that
require the safe use, storage, and disposal of materials that in the previous way of teaching
science were introduced in the middle grades and high school.
It is important to recognize that teaching science as envisioned by the CA NGSS requires
that students do science. This means that schools and classrooms must contain equipment
and consumable materials to allow all students to engage in the science and engineering
practices. Although some equipment may be shared across classrooms or grades, all
classrooms will need to have materials on hand for ready access to investigations at
conceptually appropriate times.
Remember that CA NGSS science instruction begins with engaging students in
phenomena, observable features of our natural world. Throughout the course of instruction,
students will complete numerous hands-on investigations and engineering challenges,
including teacher- and student-designed experiments as they explore science concepts
related to a specific phenomenon. There must be enough equipment and materials for
students to work in groups of two to four.
While it is impossible to predict everything that will be used in classrooms of each grade,
it is possible to predict some minimal needs for each grade band. The list of materials
recommended by the California Science Teachers Association (CSTA) contains the minimum
materials needed for classrooms. The full list is hosted on the CSTA Web page at http://
www.cde.ca.gov/ci/sc/cf/ch12.asp#link9. It is worth noting that this list represents only
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the permanent equipment list and makes no commentary about consumable materials
(for example, plastic straws, cups, grocery store chemicals, balloons, plastic bags) or
teacher-preferred materials (like density boxes) that are a critical component to the science
classroom.
It is recommended that districts form committees of science teachers representing all
grade levels, as well as specialists, to determine the actual needs of the classrooms in
their district. Science teachers are in the best position to know what materials already exist
within the district and what their needs are as they fully implement the CA NGSS. District
budgets also need to accommodate the increased costs of consumable materials that will
be required. Each grade level and each science course will need to purchase and replenish
consumable materials as students are engaged in the practices of science and engineering.
All administrators, teachers, and paraprofessionals who support science instruction should
be familiar with the concepts and practices of laboratory safety. As noted in the Science
Safety Handbook for California Public Schools (CDE 2014b), all chemicals are commonly
described in terms of their physical, chemical, or biological properties. Several classification
systems exist, including the United Nations Globally Harmonized System of Classification
and Labelling of Chemicals and the U.S. Department of Transportation (DOT) Hazardous
Materials Transportation guidelines. It is important to know both classification systems when
hazardous materials are transported and stored. Chemicals are classified by characteristics
such as flammability, corrosivity, and radioactivity. These hazardous chemical classifications
are listed on the Material Safety Data Sheets for each chemical in the laboratory.
Chemicals may also be classified based on the type of hazard they pose (acute
or chronic), such as a reproductive toxicant, carcinogen, or chemical sensitizer. This
classification system is based on the inherent toxicity of a substance, which is a function of
the chemical’s molecular structure, physical state, dose, and route of exposure. Toxicity may
vary, depending on factors such as the gender, age, and health status of the victim.
In general, chemicals used in experiments are classified by their functional groups.
Classification information is important for determining chemical compatibility and reactivity,
procedures for conducting experiments, safe bulk storage of chemicals, and waste collection
and labeling. Knowledge of properties may also be used to predict the likely behavior of
chemicals and recognize and avoid potentially dangerous situations. The Science Safety
Handbook and more information on laboratory safety is available on the CDE Science Web
page at http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link10. Appropriate classroom space
is also important for students to have access to the necessary computing and printing
equipment required to ensure three-dimensional learning for the computational thinking,
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computer modeling, and data analysis that was also previously introduced in later grades.
Access to a computer lab will work in some instances, however, there are opportunities for
increasing engagement with immediate feedback if equipment is readily available.

Programs and Partnerships to Support CA NGSS Learning
While many would consider professional learning for teachers and administrators to be
the lynchpin for the implementation of the CA NGSS, it cannot be effective without support
from the entire educational system. A comprehensive and effective professional learning
system involves everyone who impacts the classroom: pre-service institutions, school board
members, superintendents, district office personnel, school administrators, school staff
(including expanded-day staff), parents, guardians, and families.
These key players help shape policies that support CA NGSS science education. They
provide a quality teacher pipeline; promote collaboration among an experienced science
leadership network; allocate adequate funds to attract/maintain a well-qualified science
teaching staff; and provide teachers with exemplary science curriculum materials, space,
resources (grade-level appropriate equipment and materials) for three-dimensional learning,
and time for high-quality professional learning. Teachers and administrators create safe
environments for student exploration and learning and must be willing to collaboratively
learn, analyze, and reflect in a cycle of continuous improvement. Informed parents,
guardians, and community members can be active players in supporting policies and
practices that uphold quality professional learning experiences. By working as a team, the
stakeholders can ensure that all students have the opportunity to achieve scientific literacy.
Innovate: A Blueprint for Science, Technology, Engineering, and Mathematics in
California Public Education (STEM Task Force 2014) recommends that schools and districts
“integrate the CA CCSS into programs and activities beyond the K-12 school setting.” It also
suggests providing “professional development to district administrators, school principals,
and afterschool program directors on how to collaborate to incorporate into afterschool/
extended-day programs those activities that enrich and extend the CA CCSS-related
learning initiated during the regular day.” Planning for opportunities to extend students’
learning beyond the classroom is an important aspect of the implementation of the CA
NGSS. In fact, those programs conducted before and after school, during summer and
intersession, and at informal sites, such as museums and science centers, not only focus
on developing academic abilities but also build interest in science and engineering and help
students to develop social and emotional skills needed for effective engagement in science
and engineering practices. For this reason, it is important to cultivate a broad range of
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systems fostering community support to enhance in-school as well as out-of-school learning
opportunities. This will allow students to engage in three-dimensional learning across
multiple spaces and through extended time.
This section provides recommendations on how to engage significant stakeholders
beyond school personnel and how to develop partnerships.

Role of Parents, Guardians, and Families
While the school classroom is the primary learning environment for science education,
home and community also play significant roles. Through involvement at every level,
parents, guardians, and families can motivate students to develop a lifelong appreciation
of science learning. Families can also provide a supportive home setting for students to
learn and prepare for school. Enlisting parents, guardians, and families in understanding
and supporting the CA NGSS and the new classroom environment is key. Because these
standards involve new approaches in the science classroom and will likely involve new types
of tasks for student homework, it is critical to educate parents and guardians about what to
expect and about the reasons and research behind the changes. Educating and engaging
parents and guardians should include opportunities for them to experience a threedimensional learning opportunity (including support for parents who speak languages other
than English), not simply written descriptions of it. Furthermore, parents and guardians
who become more knowledgeable through such an experience can more effectively support
students’ learning beyond the classroom. Parents and guardians can monitor their children’s
learning progress not just for content knowledge, but for understanding of and engagement
in science and engineering practices or evoking application of crosscutting concepts as a
problem-solving strategy. Parents and guardians can also foster social interactions (e.g.,
by providing support for collaborative classroom or out-of-classroom projects) and become
involved in educational activities promoted at the school site (e.g., Science Nights, Science
Clubs, and Science Olympiads).
A model to support the development of family and school partnerships is the National
Parent Teacher Association, which has developed standards for Family-School Partnerships
(http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link11). These standards focus on several
aspects of the partnership providing recommendations on how to foster effective
communication and trust to support students’ success. In addition to the standards,
they have developed a guide that provides a rubric with examples for what family-school
partnerships look like at the emerging, progressing, and excelling levels. Parents, guardians,
families, and school leaders may want to use these examples to evaluate and enhance the
family-school collaboration at their school site. Specifically, involving parents who have a
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background in science and engineering will help develop partnerships with the community
that can provide much-needed support for classroom instruction.
The ELA/ELD Framework provides specific suggestions for parent, guardian, and family
involvement when those families speak a language other than English or are new to the
United States. When possible, having parents who have experience with science and
engineering and speak a home language that students also speak would be a great support
for the parents of those students who are not as experienced with science and engineering
(CDE 2015, chapter 11).

Community and Stakeholder Partnerships
Professional organizations, including those who support educators in both formal and
informal learning settings, the business community, and many other groups can play an
important role in the implementation of the CA NGSS by providing resources, feedback,
and support to schools and the broader education system. The support provided can be
funding for school-site or district-level initiatives or expertise in the form of professional
networks and collaborations that enable ongoing partnerships to support classroom teachers
well beyond the initial CA NGSS implementation. This section presents information about
the various types of partnerships and provides suggestions regarding their formation and
successful involvement. Characteristics of effective partnerships that support the CA NGSS
are (CDE 2015)
•

cross-sector in nature, often linking partners from government, business, diverse
learning institutions (K–12, expanded and informal learning, and higher education),
and other community-based organizations and nonprofits;

•

highly collaborative and participatory, and ensure that educators, parents, and
guardians are part of the decision-making process;

•

focused on providing high-quality learning opportunities that align with the CA NGSS
as well as future workforce needs;

•

hubs for communication, learning, and sharing;

•

responsive to local and regional community needs and leverage local assets and
resources.

Types of Partners
A broad range of potential partners exists to support implementation of the new CA NGSS.
National partners such as Achieve, the organization that helped to organize the development
of the NGSS; the National Science Teachers Association; and the Council of State Science
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Supervisors have all been intimately involved in the development of NGSS—supporting broad
aspects of their implementation and providing specific resources and professional development
opportunities to support teachers in the classroom. For example, Achieve recently launched
a national network to support NGSS implementation, and it also developed the Educators
Evaluating the Quality of Instructional Products (EQuIP) rubric to help educators evaluate the
level to which a curricular resource may align with the CA NGSS as well as other resources.
For more information, visit http://www.cde.ca.gov/ci/sc/cf/ch12.asp#link12.
Groups at the state level, including the California Science Teachers Association, the
California Science Project, K-12 Alliance/WestEd, the California County Superintendents
Educational Services Association and its Curriculum Instruction and Steering Committee,
the Association of California School Administrators, Children Now, and other state-wide
networks provide a wide range of resources and opportunities for educators and other
partners interested in supporting science education. Many of these groups have regional or
local affiliates that provide resources targeted to local priorities and needs.
Institutions of higher education (IHEs) also offer a range of resources to support
implementation of CA NGSS. As one example, the California State University system has
created an NGSS Teaching Commons that provides a number of resources to support
classroom teachers in implementation of the CA NGSS (visit http://www.cde.ca.gov/ci/sc/
cf/ch12.asp#link13). College and university faculty can also support the implementation
of CA NGSS by joining in more formal partnerships with their local schools and providing
them with speakers in science and engineering. One example is the University of California
San Francisco (UCSF) Science and Health Education Partnership (http://www.cde.ca.gov/
ci/sc/cf/ch12.asp#link14). Since 1987, UCSF has promoted partnerships between scientists
and educators in San Francisco Unified School District with the goal of mutual support for
teaching and learning.
Business and industry partners also provide a wide array of resources for educators in
support of NGSS. For example, The California STEM Learning Network (http://www.cde.
ca.gov/ci/sc/cf/ch12.asp#link15), a series of regional networks focusing on advancing STEM
education, has fully supported NGSS at the state and national level by building partnerships
that connect educators with business and community assets in an effort to strengthen and
expand access to STEM learning in both formal and informal settings and increase interest
in STEM-related fields for all students in California. These networks are also a resource for
scientists, engineers, and technical employers who can speak to the need for the type of
knowledge and twenty-first century skills that are the target of CA NGSS.
Finally, a number of nonprofit organizations also provide resources for educators
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implementing the CA NGSS in their classrooms. For example, the Teaching Channel (http://
www.cde.ca.gov/ci/sc/cf/ch12.asp#link16), Howard Hughes Medical Institute (http://www.
cde.ca.gov/ci/sc/cf/ch12.asp#link17), and PBS Learning Media/KQED (http://www.cde.
ca.gov/ci/sc/cf/ch12.asp#link18) have a significant number of free, catalogued resources
that align with CA NGSS.
These organizations can also provide valuable support for teachers during after-school
programs as they practice and refine their capacity to integrate three-dimensional learning
into their instruction. One example is Project GUTS, a middle grades program that integrates
computer modeling and simulation of community issues as complex systems phenomena,
which has been used in after-school spaces as a “sandbox” for teachers to experiment
with new pedagogy, content, and practices. In this project, master teachers and STEM
professionals, serving as facilitators during after-school club meetings and professional
development workshops, mentored middle grades science teachers. After-school clubs
also provided the venue for teachers to observe and understand student learning and
engagement.

The Value of Effective Partnerships
The CA NGSS emphasize real-world interconnections in science and are best achieved
by hands-on and inquiry-based teaching practices. Partnerships among schools, businesses,
higher education institutions, science-rich institutions, and community organizations can
provide authentic and engaging learning opportunities and resources. These partnerships can
also play a critical role in creating meaningful connections between curriculum taught in the
classroom and students’ personal interests, career aspirations, and higher-learning goals.
While the partnerships described above are crucial to expanding science learning for
educators and students, some challenges need to be addressed. For example, how do
partners effectively communicate? How can partners create an infrastructure that supports
their ongoing work? Educators may be hesitant to approach potential business and industry
partners due to perceived differences in culture and time limitations. For business partners,
approaching potential education partners can be equally challenging.
Given these challenges, what criteria would ensure productive partnerships to support
students’ learning in science? The following recommendations are provided to start
conversations around effective partnerships:
1. Articulate a shared agreement on vision, goals, and processes.
Leaders of productive science partnerships must work together to create opportunities
and adapt to build a shared vision and goals, as well as to develop processes to
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support student learning. The collaborative leadership must work together to develop
mutual understanding, respect, and trust so that the partnership can benefit the
children and the supporting teacher(s). Mutually beneficial partnerships revise and
revisit these goals over time.
2. Focus on student learning and engagement in science. (NRC 2010b; Bevan et al.
2010).
As educators, we need to encourage children to have direct or media-facilitated
interactions with phenomena of the natural and designed worlds in ways largely
driven by the learner. The experiences from these partnerships should provide
multifaceted and dynamic portrayals of science that build on a child’s prior knowledge
and interests and pique their wonder and excitement about science. In these settings,
children should be allowed considerable choice and control over how they engage
and learn. Children learn through a rich variety of experiences over time and across
settings. Effective partnerships work synergistically in expanding student learning
in both in-school and out-of-school settings. In addition to increasing student
learning and engagement, science partnerships can engage students in multiple
ways—cognitively, socially, emotionally, and physically; strengthen students’ attitudes
and identity toward science and science learning; advance teachers’ conceptual
understanding in science; and support teachers’ integration of three-dimensional
learning in science.
3. Pay attention to relationships.
Initiating and sustaining productive relationships across institutions take time and
effort from both sides. As schools and districts consider partnerships with STEM
institutions, it is important for partners to “deeply respect and honor each other’s
unique expertise” (National Academy of Engineering and National Research Council
2014). Working together toward common goals requires open communication, mutual
respect, and a shared understanding.

Examples of Partnerships in California
In California, a broad array of partnerships can be utilized to support CA NGSS:
•

Professional development partnerships provide opportunities for science educators to
augment their professional learning. Some examples include the Industry Initiatives for
Science and Math Education (IISME) and the California Science Project, a collaboration
among K–12 and higher education science educators, and the K–12 Alliance/WestEd.

•

Career readiness/exploration partnerships integrate academic and career technical
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education through job shadowing, mentoring, and internships. Some examples
include MESA (Mathematics, Engineering, Science Achievement), Linked Learning, and
California Partnership Academies.
•

Regional and local partnerships may be coordinated by the county offices of
education, chambers of commerce, workforce investment/development boards, or
higher education institutions. Some examples include the Gateways East Bay STEM
Network hosted by CSU East Bay, and Unite LA hosted by the Los Angeles Chamber
of Commerce and part of the California STEM Learning Network, local water districts,
and other governmental agencies. Informal learning opportunities offered by science
centers, museums, after-school programs, libraries, parks, and community-based
organizations. These institutions provide students with experiences that can support
and augment what happens in the classroom and also provide parents, guardians,
families, and the larger community opportunities to participate in science-rich
experiences. Two examples include the Power of Discovery: STEM (http://www.cde.
ca.gov/ci/sc/cf/ch12.asp#link19), a program that supports high-quality STEM learning
programs at hundreds of after-school sites across the state, and Making the Grade, a
new effort launched by the Discovery Science Center focused on NGSS-aligned exhibits
and professional learning opportunities for students and educators.

Many of these partnerships provide financial and in-kind support for instructional
materials for classroom activities, host activities such as science or career fairs, and match
professionals with teachers or students.
As described in this section, a range of public and private organizations, agencies, and
businesses can support the implementation of science education aligned with CA NGSS by
seeking to create formal and informal partnerships with schools and districts. Schools and
districts are encouraged to use community resources to (1) provide the additional adult
support and instructional materials that students need to meet their education requirements
in and out of the classroom, and (2) start to develop students’ ideas and associated
education pathways about types of workforce, careers, and higher education options as
they relate to their local communities and beyond. In this way, more opportunities can be
realized to connect the education that students are acquiring in the classroom to the world
where students live.
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Conclusion: An Ecosystem Approach
To end, collaboration among schools and various science sectors can be compared to
an ecosystem—with its diverse organizations and interrelationships. “Ecosystems are not
efficient, they evolve over very long time periods, and they constantly change” (National
Academy of Engineering and National Research Council 2014, 50). There will not be any one
program or organization that fits all of the learners’ needs or answers all of their questions.
It is the collection of student experiences that help students develop stronger practices,
dispositions, and understandings of how the natural and designed-world operates.
Below is a set of questions that can be used by teams to get started in thinking about
how to build this ecosystem for the community of children and adult learners in STEM
(Traphagen and Traill 2014; National Academy of Engineering and National Research Council
2014, 18).
1. How does this partnership build the capacities of the educators who are working with
students?
2. What tools and structures are needed to make this collaboration successful and
sustainable?
3. What processes do we need to link in- and out-of-school STEM learning so that it is a
coherent experience for our students?
4. How do we deepen students’ STEM interests over time?
5. How can classroom learning and instruction support the out-of-school time
experiences? And vice versa?
6. How can we engage families and communities and help them understand and support
children’s STEM success?
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Introduction

W

hile standards describe what students are expected to know and
be able to do, they do not define curriculum and how teachers
should teach. This Science Framework provides guidance on

how instruction will look inside a classroom, how to use assessment
strategies to promote student learning, how technology can be integrated
for engagement and learning, and how to support all students to reach
their learning goals. Another important tool to help teachers instruct and all
students to learn is the development and careful selection of high-quality
instructional resources to support the implementation of the Next Generation
Science Standards for California Public Schools, Kindergarten Through
Grade Twelve (CA NGSS). Instructional resources are broadly defined to
include textbooks, kit-based resources, technology-based resources, other
educational resources, and texts.
Throughout this document the term “alignment” shall be interpreted as
a reflection of the vision, intent, and philosophy of the guiding documents,
including the National Research Council’s A Framework for K–12 Science
Education: Practices, Crosscutting Concepts, and Core Ideas (NCR Framework),
the CA NGSS, and the Science Framework for California Public Schools:
Kindergarten Through Grade Twelve (CA Science Framework). Alignment is
not a superficial matching of topics covered to those mentioned in the CA
NGSS. The concept of three-dimensional learning is defined and explained in
chapter 1, overview of the CA Science Framework, and is a critical element
of the vision.
This chapter provides guidance for the selection of instructional resources,
including the evaluation criteria for the state adoption of instructional
resources for kindergarten through grade eight. In addition, this chapter
offers guidance for local educational agencies (LEAs) on the adoption of
instructional resources for students in grades nine through twelve, as well
as guidance on the social content review process, supplemental instructional
resources, and accessible instructional resources.
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State Adoption of Instructional Resources
The State Board of Education (SBE) adopts instructional resources for use by students
in kindergarten through grade eight. School districts, charter schools, and county offices of
education are not required to purchase state-adopted instructional resources pursuant to
California Education Code (EC) Section 60210(a). However, if an LEA chooses to use resources
that are not adopted by the SBE, it has the responsibility to adopt resources that best meet
the needs of its students and to conduct its own evaluation of instructional resources. As
part of the evaluation process conducted by the LEA, the review committee must include
a majority of classroom teachers from that content area or grade level [(EC Section
60210(c)]. Those identified as classroom teachers should have a current classroom teaching
assignment and not be a teacher placed on special assignment in an administrative role.
For grades nine through twelve, the review and local board adoption of instructional
resources for use by students is the sole responsibility of LEAs, recognizing that not all
standards may be taught in a particular course, and a combination of materials may be
used to ensure that all students gain the skills and knowledge to achieve all grade-level
performance expectations.
It should be noted, however, that the selection of instructional resources at any grade
level is an important process that is guided by both local and state policies and procedures.
As part of the process for selecting instructional resources, EC Section 60002 requires the
LEA to promote the involvement of parents and other members of the community in the
selection of instructional resources, in addition to the substantial teacher involvement. The
LEA must also conduct a social content review to ensure the locally selected instructional
resources are in compliance with those legal requirements.
The primary resource to be used when selecting instructional resources is found in the
next section, the Criteria for Evaluating Instructional Resources for Kindergarten Through
Grade Eight (Criteria). The Criteria include comprehensive descriptions of elements required
for effective instructional programs that are aligned to the CA NGSS and will be the basis for
the next adoption of science instructional resources.

Criteria for Evaluating Instructional Resources for Kindergarten
Through Grade Eight
The adoption of new science instructional resources will be guided by the criteria
described below. To be adopted, resources must meet Category 1, Alignment with CA NGSS
Three-Dimensional Learning, in full. Resources will be evaluated holistically for strengths
in the other categories of Program Organization, Assessment, Access and Equity, and
1558
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Instructional Planning and Support. This means that while a program may not meet every
criterion listed in those categories, they must on balance meet the intent stated in the
introductory paragraph of each category to be eligible for state adoption. Programs that
do not meet Category 1 in full and do not show strengths in each one of the other four
categories will not be adopted. These criteria are designed to be a guide to publishers in
developing their instructional resources and to local educational agencies when selecting
instructional resources for their students. To assist in the evaluation of instructional
resources, publishers will use SBE-approved standards map and evaluation criteria map
templates, developed and supplied by the California Department of Education (CDE), to
provide evidence that the program provides students a path to meet the appropriate gradelevel performance expectations of the CA NGSS by the end of the year.
It is the intent of the SBE that these criteria be seen as neutral on the format of
instructional resources. Print-based, kit-based, digital, interactive online, and other types of
programs may all be submitted for adoption as long as they are aligned to the evaluation
criteria. Any gross inaccuracies or deliberate falsification revealed during the review process
may result in disqualification; any found during the adoption cycle may subject the program
to removal from the list of state-adopted instructional resources. Gross inaccuracies and
deliberate falsifications are defined as those requiring changes in instructional content. All
authors listed in the instructional program are held responsible for the content. Beyond the
title and publishing company’s name, the only name to appear on a cover and title page
shall be the actual author or authors.

Criteria for Evaluating Instructional Resources for Kindergarten
Through Grade Eight
The criteria for the evaluation of science instructional resources for kindergarten through
grade eight are organized into five categories:
1. Alignment with CA NGSS Three-Dimensional Learning: Instructional resources
include content as specified in the CA NGSS. Programs must include a well-defined
sequence of instructional opportunities that provides a path for all students to
become proficient in all grade-level performance expectations to be eligible for
adoption.
2. Program Organization: Instructional resources support instruction and learning of
the CA NGSS and include such features as the organization, coherence, and design of
the program; chapter, unit, and lesson overviews; and glossaries.
3. Assessment: Instructional resources include multiple models of both formative
2016 California Science Framework
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and summative assessment tasks for measuring what students know and are able
to do and provide guidance for teachers on how to use scoring rubrics and interpret
assessment results to guide instruction.
4. Access and Equity: Instructional resources should include suggestions for teachers
on how to differentiate instruction to meet the needs of all students. In particular,
instructional resources should provide guidance to support students with special
needs, including standard English learners, English learners, long-term English
learners, students living in poverty, foster youth, girls and young women, advanced
learners, students with disabilities, gifted learners, students below grade level in
reading comprehension or mathematics skills and knowledge, and students below
grade level in science skills and knowledge.
5. Instructional Planning and Support: Information and resources suggest coherent
guidelines for teachers to follow when planning three-dimensional instruction and are
designed to help teachers provide effective standards-based instruction.
Resources that fail to meet the criteria in Category 1: Science Content/Alignment with the
Standards, will not be considered suitable for adoption. All criteria statements in Category
1 must be met for a program to be adopted. The criteria for Category 1 must be met in the
core resources or via the primary means of instruction, rather than in ancillary components.
In addition, programs must have strengths in each of categories 2 through 5 to be suitable for
adoption. Extraneous resources should be minimal and clearly purposeful.

Category 1: Alignment with the CA NGSS Three-Dimensional Learning
All programs must include the following features:
1. Instructional Resources, as defined in EC Section 60010(h), must align to the CA
NGSS, adopted by the SBE in September 2013 for kindergarten through grade five
and resources for grades six through eight must be aligned either to the Integrated
Learning Progression Courses for Middle Grades Six through Eight adopted in
November 2013 found in chapter 5 of the CA Science Framework or, alternatively,
the Discipline-Specific Courses for Grades Six through Eight found in chapter 6 of
the CA Science Framework. Alignment shall be determined by assessing a full year’s
program, not unit by unit. When developing Discipline-Specific courses, the publisher
should consider which disciplinary core ideas, if any, from the other science domains
would need to be introduced in specific grade-level courses in order to facilitate
students’ full understanding of each performance expectation by the end of the
year. For this reason, some units of the Discipline-Specific Course model contain
1560
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supplemental Disciplinary Core Ideas (DCIs) from other domains.
2. Instructional resources engage students in using text, discourse, and experiential
learning to develop mastery of the three integrated dimensions of the CA NGSS: the
Science and Engineering Practices (SEPs), Crosscutting Concepts (CCCs), and DCIs.
3. Instructional resources reflect the full content of the CA Science Framework allowing
teachers to engage students in using each of the SEPs in multiple contexts and to use
and apply the CCCs to connect ideas across science topics.
4. Instructional resources progressively build students’ abilities to meet all grade-level
Performance Expectations (PEs) through a three-dimensional instructional sequence.
5. Teacher resources support instructional opportunities and assessments that engage
students in three-dimensional learning.
6. Instructional resources shall use proper grammar and spelling (EC Section 60045).
7. Use of primary sources, such as scientific research, case studies, and photographs,
are integrated into the three-dimensional learning, as grade-level appropriate.
8. Instructional resources introduce real-world phenomena and systems that students
can investigate, model, and explain using the targeted DCIs and CCCs.
9. Instructional resources focus on the application of science to be learned (e.g.,
medicine, engineering, environmental science) using authentic and meaningful realworld applications and scenarios that are specific to California when appropriate.
10. The science curriculum is enriched with opportunities for students to access
informational texts, literature, simulations and other media related to science and
engineering and it presents diverse examples of notable scientists and engineers.
11. Resources include examples of people and groups who used their context, learning,
and intelligence to make important contributions to society through science and
technology from different demographic groups: Native Americans; African Americans;
Mexican Americans and other Latino groups; Asian Americans; Pacific Islanders;
European Americans; lesbian, gay, bisexual, and transgender Americans; persons
with disabilities; women; and members of other ethnic and cultural groups. Resources
emphasize the importance of science education to all members of our society in
a way that is culturally and socially authentic [EC Sections 51051, 60040(b), and
60044(a)].
12. Student assignments make linkages and are consistent with the grade-level
appropriate expectations in the California Common Core State Standards for English
Language Arts and Literacy in History/Social Studies, Science, and Technical Subjects
2016 California Science Framework
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(CA CCSS for ELA/Literacy), the California English Language Development Standards:
Kindergarten through Grade 12 (CA ELD Standards), and California Common Core
State Standards: Mathematics (CA CCSSM) and are consistent with the guidance in
the CA Science Framework.
13. The materials provide support for students to develop grade-level appropriate
academic language and discipline-specific vocabulary through their use in context
in classroom discourse around science phenomena (science talk), and through wellwritten and grade-level appropriate text resources.
14. Teacher resources provide guidance to support all students, including English
language learners and non-standard English speakers, to develop their sciencerelated language and reading abilities, and to coordinate the multiple elements (text,
diagrams, graphs and charts, etc.) that occur in science textual materials.
15. Instructional resources, where appropriate, examine humanity’s place in ecological
systems and the necessity for the protection of the environment (EC Section 60041).
Resources include instructional content based upon the Environmental Principles and
Concepts developed by the California Environmental Protection Agency and adopted
by the SBE (Public Resources Code Section 71301) in context and aligned to the CA
NGSS, as exemplified in Appendix 2.
16. Instructional resources include explanations about human organ and tissue donation,
as age and grade-level appropriate, aligned to the relevant standards and related
science research (EC Section 33542).
17. Instructional resources, as age and grade-level appropriate, discuss trends and
research in science, including medical research, neuroscience and neurological
diseases (such as Amyotrophic Lateral Sclerosis, or Lou Gehrig’s disease) and inform
students about career pathways in science.
18. Instructional resources support students to address the applications of science
in the development of technologies and in fields such as agriculture, medicine,
engineering, and environmental protection. Resources support students to reflect on
the interconnections between science, engineering and technology, and to discuss
ethical and regulatory issues that can arise when new science and technology allow
new capabilities.
19. Instructional resources engage students in the SEPs. Teacher resources will include
discussion of expendable and permanent equipment and materials necessary to
conduct activities, guidance on obtaining those materials inexpensively, recycling or
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disposing of materials, and explicit instructions for organizing and safely conducting
instruction, labs and activities. (Aligned to the Science Safety Handbook for California
Public Schools, California Department of Education [CDE] 2014).
20. Instructional resources include opportunities for reflection on the nature and history
of science and on their science learning as indicated in the CA Science Framework.

Category 2: Program Organization
Sequential organization and a coherent instructional design of the science program provide
structure for what students should learn each year and allow teachers to facilitate exposure
to the content efficiently and effectively, incorporating the three dimensions of the CA NGSS.
Instructional resources must have strengths in these areas to be considered for adoption:
1. Sequential organization of the material provides structure concerning what
students should learn each year and allows teachers to convey the science content
incorporating the three-dimensional learning expressed in the CA NGSS.
2. Instructional resources support teacher questioning strategies as a tool to assess
students’ knowledge and skills, promote student-to-student discourse, and guide
student learning.
3. Instructional resources explicitly state which knowledge and skills learned in prior
grades or units are applied and extended to accommodate new knowledge and skills.
4. Teacher resources provide support to engage students in three-dimensional learning
and suggest research-based strategies to elicit student thinking and support student
discourse.
5. The instructional resources are grade-level specific and provide instructional content
for 180 days of instruction for at least one daily class period, including an estimate of
the necessary instructional time.
6. The content is well organized and presented in a manner consistent with providing all
students an opportunity to achieve the essential knowledge and skills described in the
CA NGSS and the CA Science Framework.
7. Resources include explanations to teachers regarding how the SEPs, DCIs, and CCCs
work together to support students in making sense of phenomena and/or to design
solutions to problems and build toward the PEs of the CA NGSS. Teacher resources
support understanding of how PEs are developed within units and across units
throughout a year.
8. Topics selected for in-depth study are developed through their role in explaining
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selected phenomena, chosen to support students in building the knowledge and
abilities needed to achieve proficiency in a bundle of PEs.
9. Resources encourage the meaningful use of technologies such as video clips or
computer simulations to investigate phenomena that cannot be directly experienced
in the classroom; effective measuring tools (computer linked thermometer or rangefinder, digital scales, etc.); and spreadsheets and other software to record, display,
and analyze data, etc. In these contexts, the materials support teachers as they
introduce students to computational thinking and provide guidance to teachers on how
science instruction may be improved by the effective use of library media centers and
information literacy skills.
10. Resources suggest appropriate engineering design tasks in varied contexts as a path
to understanding and applying the science ideas being learned. Where appropriate,
resources suggest computational tools and software to support the design process
and allow students to model or simulate their designed products.
11. Teacher resources include references to where related supplemental open educational
resources may be found.
12. Ancillary and support resources are an integral part of the instructional program and
are clearly aligned with the CA NGSS.
13. Course descriptions are aligned to a specific progression of courses across each grade
band so that students completing the course sequence can meet all grade band CA
NGSS PEs. The progression builds ideas in a planned sequence, so that each unit
builds progressively on prior learning. The logic of the progression is described and
explained in teacher resources.
14. Suggested student tasks, including end-of-chapter or culminating problems and
exercises, are three-dimensional in nature and build in complexity throughout the
year and across years.

Category 3: Assessment
The program provides teachers with assistance in using both formative and summative
assessment tasks for planning and modifying instruction, and for measuring the effectiveness
of instruction through progress monitoring. Instructional resources must have strengths in
these areas to be considered suitable for adoption:
1. Assessments in the instructional resources reflect the three-dimensional nature of the
CA NGSS and the CA Science Framework. Assessment tools measure what students
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know and are able to do, as defined by the PEs in the CA NGSS. Assessments stress
performance tasks rather than rote memorization.
2. Entry-level assessments for each unit are provided to help teachers elicit students’
prior knowledge and preconceptions and gauge their facility for using the SEPs and
CCCs. Information is provided to teachers to help them use the results of those
assessments to guide instruction and to determine modifications for specific students
or groups of students.
3. Teacher materials provide support to engage students in tasks that afford both
learning and formative assessment opportunities at the same time and provide
guidance to teachers on how to embed formative assessment activities in the broader
learning activity.
4. Brief formative assessment tools and practices at key stages in the unit of instruction
are designed to elicit current understandings and preconceptions and to provide
evidence of students’ progress toward mastering the three-dimensional learning called
for in the CA NGSS and the CA Science Framework. In addition to providing formative
assessment tools, instructional materials must also provide teachers with strategies
of how to address preconceptions during instruction. These strategies are to be
differentiated for different age levels.
5. Assessments should yield information teachers can use in planning and modifying
instruction to help all students meet or exceed the standards.
6. Teacher resources supply a differentiated path for diverse students to build toward
the PEs of the CA NGSS. In particular, formative assessment tasks are designed
to support teachers in collecting and analyzing data about student conceptual
understanding.
7. Summative assessments designed to provide valid, reliable and fair measures of
students’ progress and attainment of three-dimensional learning after a period of
instruction (for example at the end of a chapter, unit, or course) should involve
multi-component tasks including, but not limited to: hands-on or simulation-based
performance tasks, open-ended constructed response problems, and scoring of
portfolios of student work collected over the course of instruction. Selected-response
items, if used, should require analysis and reasoning to answer them, rather than
simply memorized responses.
8. Students’ progress toward meeting the three-dimensions of the CA NGSS is assessed
through both writing and performance tasks. Student written responses are consistent
2016 California Science Framework
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with the grade-level writing and mathematics requirements in the CA CCSS for ELA/
Literacy and the CA CCSSM.
9. Resources include student work expectations and analytical rubrics for scoring
performance tasks and, where possible, examples of student work at each scoring
level. Resources include an explanation of the use of rubrics by teachers and students
to evaluate the progress of students’ models, projects, writing, and progression
toward understanding.
10. Assessment tools include multiple measures of student performance as addressed in
the assessment chapter in the CA Science Framework, including, but not limited to,
engineering design and lab practical tasks; performance-based tasks; open-ended,
short answer and essay responses; lab reports; research projects; computational
simulations; and oral presentations.
11. Assessment tools include guidance on measuring students’ ability to apply information
literacy skills when obtaining and evaluating information about science topics.

Category 4: Access and Equity
The goal of science programs in California is to ensure universal and equitable access
to high-quality curriculum and instruction for all students (all standards, all students) so
they can meet or exceed the PEs as described in the CA NGSS. To reach the goals of access
and equity, instructional resources must provide teachers with the necessary content
and pedagogical tools to teach all students the CA NGSS. In particular, the instructional
resources provide support for differentiated instruction for students with special needs,
including standard English learners, English learners, long-term English learners, students
living in poverty, foster youth, girls and young women, advanced learners, gifted learners,
students with disabilities and students below grade level in science skills, three-dimensional
learning, literacy skills or mathematics skills. Resources should incorporate recognized
principles, concepts, and research-based strategies to meet the needs of students and
provide equal access to learning, which could include Universal Design for Learning,
Response to Intervention and Instruction, and Multi-tiered System of Supports, as outlined
in chapter 10 on access and equity, in the CA Science Framework. Instructional resources
must have strengths in these areas to be considered for adoption:
1. The instructional resources should reflect the goals of access and equity outlined in
chapter 10 of the CA Science Framework.
2. At every grade level, suggested lessons and teacher resources will include researchbased strategies to address the needs of English learners consistent with the CA ELD

1566

Chapter 13

2016 California Science Framework

Instructional Resources to Support the NGSS for California Public Schools, K–12
Standards.
3. Instructional resources incorporate instructional strategies to address the needs
of students with disabilities in lessons, assessments, and teacher resources, as
appropriate, at every grade level.
4. Teacher resources supply a differentiated path for all students. In particular,
instructional resources should provide guidance to support students with special
needs, including standard English learners, English learners, long term English
learners, students living in poverty, foster youth, girls and young women, advanced
learners, students with disabilities and students below grade level in science skills,
three-dimensional learning, literacy skills, or mathematics skills.

Category 5: Instructional Planning and Support
The resources present explicit guidance to help teachers plan instruction. The resources
should be designed to help teachers provide instruction that ensures opportunities for all
students to learn the essential skills and knowledge specified in the CA NGSS. The resources
must have strengths in these areas of instructional planning and teacher support to be
considered suitable for adoption:
1. Program resources include a curriculum guide for the academic instructional year for
teachers to follow when planning for 180 days of instruction.
2. The teacher resources provide an estimated instructional time for each activity,
lesson, chapter, and unit which allows for student engagement in the SEPs and
engineering design projects.
3. The teacher resources provide guidance in daily lessons and units of instruction with
appropriate opportunities for checking for understanding and adjusting lessons, if
necessary, to ensure three-dimensional learning.
4. Program resources address the articulation of three-dimensional learning by
identifying the knowledge and skills learned in prior grades and prior grade-level
units, and address how to connect and build on these learnings to help students
develop increasingly sophisticated ideas.
5. Teacher resources provide background knowledge about the SEPS, DCIs, and CCCs
and discuss the desired level of SEPs in which students will engage, including how the
three dimensions are integrated into units and lessons.
6. All suggested student tasks, including classroom activities, end-of chapter tasks,
suggested out-of-school activities, and assessment tasks are supported with guidance
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for the teacher on how to implement and, where appropriate, grade the task.
Assessment keys and rubrics are provided.
7. Teacher and student resources have correlating page numbers in print resources or
corresponding references in electronic resources.
8. Teacher resources include a planning guide describing the relationships between the
components of the program and how to use all the components to meet all of the CA
NGSS.
9. Instructional objectives for three-dimensional learning are explicitly stated and
clearly identifiable in the teacher resources. Teacher resources include guidance on
explaining these objectives to parents.
10. While learning goals may be explicitly stated in the teacher materials, student
resources will provide experiences that clearly build to the development of those
learning goals without explicitly stating those goals prior to the instruction. In most
cases, prior to instruction, introduce a phenomenon or guiding question or the end
result of the lesson series.
11. Lessons include instructional strategies aligned to the CA NGSS, the CA Science
Framework and based on current and confirmed research (e.g., teacher facilitated
student-led conversations, as well as hands-on activities and laboratories). Resources
are clearly connected to and support the goals of the CA CCSSM and CCSS for ELA/
Literacy.
12. Instructional resources should include a list of consumable and non-consumable
equipment and materials required for each lesson and address safety issues included
in the Science Safety Handbook for California Public Schools (CDE 2014).
13. Terms from the CA NGSS and CA Science Framework are used appropriately and
accurately in the instructions.
14. Electronic learning resources, including technology-based assessments, support
instruction that is connected explicitly to the CA NGSS, have a well-designed user
interface, provide technical support, and include suggestions for appropriate and
differentiated use.
15. The teacher resources provide background information about important events,
diverse people, places, ideas, and scientific principles appearing in, but not limited to
the CA NGSS and CA Science Framework.
16. Teacher resources discuss and identify preconceptions typical at a grade span (such
as inaccurate explanations based on everyday experiences or vernacular conflicts
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between the everyday use of a term and the meaning of the term in a scientific
context) and provide guidance to help students build more accurate understandings
of the scientific concept or process.
17. Suggested homework, if included, extends and reinforces classroom instruction.
Homework should also provide opportunities to support student learning through
shared experiences with family. Opportunities may include projects, journaling,
reflection, or interviews with parents around a concept or activity such as family
history used in genetics, decomposition in gardening, or chemistry in cooking.
18. The program should include resources that teachers can use to inform families about
the CA NGSS and student progress.
19. Resources provide teachers with instructions on how outside resources (e.g., guest
speakers; museum visits; electronic field trips, informal science education providers
including state parks, nature parks, science centers, local organizations, school
gardens or schoolyard open spaces, local parks, etc.) can be incorporated into a threedimensional learning, standards-based science program.
20. Using guidance from the Model School Library Standards for California Public Schools,
resources provide information for teachers on the effective use of library and media
resources that best complement the standards.
21. The teacher resources provide guidance and support for engaging students in
collaborative conversations using grade level appropriate academic vocabulary for
scientific discourse

Guidance for Selecting Instructional Resources for
Grades Nine through Twelve
While the Criteria for Evaluating Instructional Resources for Kindergarten Through Grade
Eight (above) is intended to guide publishers, it also serves as guidance for selection of
instructional resources for students in grades nine through twelve. The five categories
in the criteria are an appropriate lens through which to view instructional resources a
district or school is considering purchasing. In addition, a tool that could be helpful to local
educational agencies considering resources for grades nine through twelve is the evaluation
rubric developed through the Educators Evaluating Quality Instructional Products (EQuIP)
initiative facilitated by Achieve. This multi-state effort culminated with the publication of
the EQuIP Rubric for Lessons & Units: Science, as well as rubrics for evaluating resources
for alignment to the Common Core State Standards for Mathematics and ELA/Literacy. The
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Educators Evaluating Quality Instructional Products (EQuIP) Rubric for Lessons & Units:
Science is available online at http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link1.
Instructional resources should include a list of consumable and non-consumable
equipment and materials required for each lesson and address safety issues included in the
Science Safety Handbook for California Public Schools (CDE 2014).

Selecting Quality Instructional Resources and Tools and Equipment
for Science
The process of selecting instructional resources at the district or school level usually
begins with the appointment of a committee of educators, including teachers and curriculum
specialists, who determine what instructional resources are needed, develop evaluation
criteria and rubrics for reviewing resources, and establish a review process that involves
teachers and content area experts on review committees. After the review committee has
developed a list of instructional resources being considered for adoption, the next step
is to pilot the instructional resources. An effective piloting process helps determine if the
resources provide teachers with the needed resources to implement a CA NGSS-based
instructional program. One resource of information on piloting is the SBE Policy document,
“Guidelines for Piloting Textbooks and Instructional Resources,” which is available online at
http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link2.
Selection of instructional resources at the local level is a time-consuming but very
important process. Poor instructional resources that are not fully aligned with the CA NGSS
and CA CCSS for ELA/Literacy and Mathematics waste precious instructional time. Highquality instructional resources support effective instruction and student learning. As part of
the process for selecting instructional resources, EC Section 60002 requires the LEA promote
substantial teacher involvement, in addition to the involvement of parents and other
members of the community, in the selection of instructional resources.
Having selected instructional resources or while developing a curriculum plan, districts
and schools will need to ensure that every classroom has access to the necessary equipment
and expendable materials and provides the necessary work-space and infrastructure (e.g.
access to a sink, or power outlets) to teach the curriculum as designed. A system for
maintaining equipment and renewing expendable materials is essential to support effective
science teaching. Equipment for science, including needed computers and software, must be
sufficient to provide access for the number of students in the classroom. Budgeting for science
equipment, materials and renewables must be considered as an element in district plans.
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Social Content Review
In addition to the review of instructional resources for educationally appropriate content,
all materials used in California classrooms must be reviewed to ensure that instructional
resources reflect California’s multicultural society, avoid stereotyping, and contribute to a
positive learning environment. Instructional resources used in California public schools must
comply with the state laws and regulations for social content. Instructional resources must
meet EC sections 60040-60045 as well as the SBE guidelines in the Standards for Evaluating
Instructional Resources for Social Content (2013 Edition), http://www.cde.ca.gov/ci/sc/cf/
ch13.asp#link3
Instructional resources that are adopted by the SBE meet the social content
requirements as they are reviewed concurrently with the SBE-adopted criteria for that
specific subject area adoption. The CDE conducts ad hoc social content reviews of a range
of instructional resources and maintains an online, searchable list of the resources that meet
the social content requirements. The list of approved instructional resources is on the CDE
Social Content Review Web page at http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link4.
If a school or district is not purchasing state-adopted instructional resources or resources
from the list of approved instructional resources maintained by CDE, the LEA must complete
its own social content review. Information about the review process can be found on the
CDE Social Content Review Web page at http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link5

Supplemental Instructional Resources
The SBE traditionally adopts only basic instructional resources programs,1 but has
adopted supplemental instructional resources on occasion. LEAs adopt supplemental
resources for local use more frequently. Supplemental instructional resources are defined
in California EC Section 60010(l). Supplemental instructional resources are generally
designed to serve a specific purpose such as providing more complete coverage of a topic
or subject, meeting the instructional needs of groups of students, and providing current,
relevant technology to support interactive learning. One tool that could be helpful to local
educational agencies considering supplemental resources is the evaluation rubric developed
through the EQuIP initiative facilitated by Achieve. This multi-state effort culminated with
the publication of the EQuIP Rubric for Lessons & Units: Science, as well as rubrics for

1. Programs that are designed for use by students and their teachers as a principal learning resource and that meet in
organization and content the basic requirements of a full course of study (generally, one school year in length).
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evaluating resources for alignment to the Common Core State Standards for Mathematics
and ELA/Literacy. The EQuIP Rubric for Lessons & Units: Science is available online at
http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link6. All supplemental resources must also meet
the social content requirements described above.

Open-source Electronic Resources (OERs)
Open-source Electronic Resources (OERs) are free instructional resources and resources
available online for teachers, students, and parents. OERs include a range of offerings, from
full courses to quizzes, classroom activities, and games. Students may create OERs to fulfill
an assignment. Teachers may work together to develop curriculum, lesson plans, or projects
and assignments and make them available for others as an OER. A comprehensive school
library program may include information regarding OERs and also professional development,
provided by a credentialed teacher librarian, about the effective use of supplemental
resources in the classroom. OERs offer the promise of more engaging, relevant instructional
content, variety, and up-to-the-minute information. They should, however, be subject
to the same type of evaluation as other instructional resources used in the schools and
reviewed to determine if they are aligned with the content that students are expected to
learn and are at an appropriate level for the intended students. The EQuIP Rubric noted
in the Supplemental Instructional Resources section above could be a valuable tool in this
evaluation. In addition, OERs need to be reviewed with the Social Content Standards in
mind to ensure that students are not inadvertently exposed to name brands, corporate
logos, or resources that demean or stereotype. OER Web sites that may provide access to
resources supporting instruction and learning of the CA NGSS and for use in the classroom
and for professional learning include:

1572

•

OER Commons (http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link7)

•

The Learning Registry (http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link8)

•

My Digital Chalkboard (http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link9)

Chapter 13

2016 California Science Framework

Instructional Resources to Support the NGSS for California Public Schools, K–12

Accessible Instructional Resources
The CDE Clearinghouse for Specialized Media & Translations (CSMT) provides
instructional resources in accessible and meaningful formats to students with disabilities,
including students with hearing or vision impairments, severe orthopedic impairments, or
other print disabilities. The CSMT produces accessible versions of textbooks, workbooks,
literature books, and assessment books. Specialized instructional resources include braille,
large print, audio recordings, digital talking books, electronic files, and American Sign
Language video-books. The distribution of various specialized media to public schools
provides general education curricula to students with disabilities. Information about
accessible instructional resources and other instructional resources, including what is
available and how to order them, can be found on the CDE CSMT Media Ordering Web page
at http://www.cde.ca.gov/ci/sc/cf/ch13.asp#link10

References
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High School
(Grades 9–12)
Asking questions and defining
problems in 9–12 builds on K–8
experiences and progresses to formulating, refining, and evaluating
empirically testable questions and
design problems using models and
simulations.
• Ask questions:
° that arise from careful observation
of phenomena, or unexpected
results, to clarify and/or seek
additional information;
° that arise from examining models
or a theory, to clarify and/or
seek additional information and
relationships;
° to determine relationships,
including quantitative
relationships, between
independent and dependent
variables;
° to clarify and refine a model, an
explanation, or an engineering
problem.
• Evaluate a question to determine if
it is testable and relevant.
• Ask questions that can be
investigated within the scope of the
school laboratory, research facilities,
or field (e.g., outdoor environment)
with available resources and, when
appropriate, frame a hypothesis
based on a model or theory.

Middle Grades
(Grades 6–8)
Asking questions and defining problems in 6–8 builds on K–5 experiences
and progresses to specifying relationships between variables and clarifying
arguments and models.
• Ask questions:
° that arise from careful observation
of phenomena, models, or
unexpected results, to clarify and/
or seek additional information;
° to identify and/or clarify evidence
and/or the premise(s) of an
argument;
° to determine relationships between
independent and dependent
variables and relationships in
models;
° to clarify and/or refine a model,
an explanation, or an engineering
problem;
° that require sufficient and
appropriate empirical evidence to
answer;
° that can be investigated within the
scope of the classroom, outdoor
environment, and museums and
other public facilities with available
resources and, when appropriate,
frame a hypothesis based on
observations and scientific
principles;

Elementary School
(Grades 3–5)
Asking questions and defining problems in 3–5 builds
on K–2 experiences and
progresses to specifying
qualitative relationships.
• Ask questions about
what would happen if a
variable were changed.
• dentify scientific
(testable) and nonscientific (non-testable)
questions.
• Ask questions that can be
investigated and predict
reasonable outcomes
based on patterns such
as cause-and-effect
relationships.
• Use prior knowledge to
describe problems that
can be solved.
• Define a simple design
problem that can be
solved through the
development of an object,
tool, process, or system
and includes several
criteria for success and
constraints on materials,
time, or cost.

Primary School
(Grades K–2)

Asking questions and
defining problems in K–2
builds on prior experiences
and progresses to simple
descriptive questions that
can be tested.
• Ask questions based
on observations to find
more information about
the natural and/or
designed world(s).
• Ask and/or identify
questions that can
be answered by an
investigation.
• Define a simple problem
that can be solved
through the development
of a new or improved
object or tool.

1. ASKING QUESTIONS (FOR SCIENCE) AND DEFINING PROBLEMS (FOR ENGINEERING)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Progression of Science and Engineering Practices in Grades K–12
Adapted from the NGSS Appendix F by the California Science Project.
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Modeling in K–2 builds
on prior experiences and
progresses to include
using and developing
models (i.e., diagram,
drawing, physical replica,
diorama, dramatization,
or storyboard) that represent concrete events or
design solutions.
• Distinguish between a
model and the actual
object, process, and/
or events the model
represents.
• Compare models
to identify common
features and
differences.

Modeling in 3–5 builds on K–2
experiences and progresses
to building and revising simple models and using models
to represent events and design
solutions.
• Identify limitations of
models.
• Collaboratively develop and/
or revise a model based on
evidence that shows the
relationships among variables
for frequent and regular
occurring events.
• Develop a model using an
analogy, example, or abstract
representation to describe a
scientific principle or design
solution.

2. DEVELOPING AND USING MODELS

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

Modeling in 6–8 builds on K–5
experiences and progresses to developing, using, and revising models
to describe, test, and predict more
abstract phenomena and design
systems.
• Evaluate limitations of a model for a
proposed object or tool.
• Develop or modify a model—
based on evidence—to match what
happens if a variable or component
of a system is changed.
• Use and/or develop a model of
simple systems with uncertain and
less predictable factors.
• Develop and/or revise a model
to show the relationships among
variables, including those that
are not observable but predict
observable phenomena.

° that challenge the premise(s) of an
argument or the interpretation of a
data set.
• Define a design problem that can be
solved through the development of
an object, tool, process or system
and includes multiple criteria and
constraints, including scientific
knowledge that may limit possible
solutions.

Middle Grades
(Grades 6–8)

1. ASKING QUESTIONS (FOR SCIENCE) AND DEFINING PROBLEMS (FOR ENGINEERING)

Modeling in 9–12 builds on K–8 experiences and progresses to using,
synthesizing, and developing models to
predict and show relationships among
variables between systems and their
components in the natural and designed
worlds.
• Evaluate merits and limitations of two
different models of the same proposed
tool, process, mechanism or system in
order to select or revise a model that
best fits the evidence or design criteria.
• Design a test of a model to ascertain its
reliability.
• Develop, revise, and/or use a model
based on evidence to illustrate and/
or predict the relationships between
systems or between components of a
system.

challenge the premise(s) of an
argument, the interpretation of a data
set, or the suitability of a design.
• Define a design problem that involves
the development of a process or system
with interacting components and
criteria and constraints that may include
social, technical, and/or environmental
considerations.

• Ask and/or evaluate questions that

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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• Develop and/or use models

to describe and/or predict
phenomena.
• Develop a diagram or simple
physical prototype to convey
a proposed object, tool, or
process.
• Use a model to test cause
and effect relationships or
interactions concerning the
functioning of a natural or
designed system.

• Develop and/or use

a model to represent
amounts, relationships,
relative scales (bigger,
smaller), and/or
patterns in the natural
and designed world(s).
• Develop a simple model
based on evidence to
represent a proposed
object or tool.

Planning and carrying out
investigations to answer
questions or test solutions to problems in K–2
builds on prior experiences and progresses
to simple investigations,
based on fair tests, which
provide data to support
explanations or design
solutions.
• With guidance,
plan and conduct
an investigation in
collaboration with peers
(for K).

Planning and carrying out
investigations to answer questions or test solutions to
problems in 3–5 builds on K–2
experiences and progresses
to include investigations that
control variables and provide
evidence to support explanations or design solutions.
• Plan and conduct an
investigation collaboratively
to produce data to serve as
the basis for evidence, using
fair tests in which variables
are controlled and the
number of trials considered.

3. PLANNING AND CARRYING OUT INVESTIGATIONS

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

2. DEVELOPING AND USING MODELS

Planning and carrying out investigations in 6–8 builds on K–5 experiences
and progresses to include investigations that use multiple variables and
provide evidence to support explanations or solutions.
• Plan an investigation individually and
collaboratively, and in the design:
identify independent and dependent
variables and controls, what tools
are needed to do the gathering, how
measurements will be recorded,
and how many data are needed to
support a claim.

predict and/or describe phenomena.
• Develop a model to describe
unobservable mechanisms.
• Develop and/or use a model to
generate data to test ideas about
phenomena in natural or designed
systems, including those representing
inputs and outputs, and those at
unobservable scales.

• Develop and/or use a model to

Middle Grades
(Grades 6–8)

Planning and carrying out investigations
in 9–12 builds on K–8 experiences and
progresses to include investigations that
provide evidence for and test conceptual, mathematical, physical, and empirical
models.
• Plan an investigation or test a design
individually and collaboratively to
produce data to serve as the basis for
evidence as part of building and revising
models, supporting explanations for
phenomena, or testing solutions to
problems. Consider possible confounding
variables or effects and evaluate the
investigation’s design to ensure variables
are controlled.

models to provide mechanistic accounts
and/or predict phenomena, and move
flexibly between model types based on
merits and limitations.
• Develop a complex model that allows for
manipulation and testing of a proposed
process or system.
• Develop and/or use a model (including
mathematical and computational) to
generate data to support explanations,
predict phenomena, analyze systems,
and/or solve problems.

• Develop and/or use multiple types of

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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•

•

•

•

methods and/or tools for
collecting data.
• Make observations and/
or measurements to
produce data to serve
as the basis for evidence
for an explanation of a
phenomenon or test a
design solution.
• Make predictions about
what would happen if a
variable changes.
• Test two different models
of the same proposed
object, tool, or process to
determine which better
meets criteria for success.

• Evaluate appropriate

• Plan and conduct an

investigation collaboratively
to produce data to serve
as the basis for evidence to
answer a question.
Evaluate different ways of
observing and/or measuring
a phenomenon to determine
which way can answer a
question.
Make observations (firsthand
or from media) and/or
measurements to collect data
that can be used to make
comparisons.
Make observations (firsthand
or from media) and/or
measurements of a proposed
object or tool or solution
to determine if it solves a
problem or meets a goal.
Make predictions based on
prior experiences.

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

3. PLANNING AND CARRYING OUT INVESTIGATIONS

and/or evaluate and/or
revise the experimental
design to produce data
to serve as the basis for
evidence that meet the goals
of the investigation.
• Evaluate the accuracy
of various methods for
collecting data.
• Collect data to produce data
to serve as the basis for
evidence to answer scientific
questions or test design
solutions under a range of
conditions.
• Collect data about the
performance of a proposed
object, tool, process or
system under a range of
conditions.

• Conduct an investigation

Middle Grades
(Grades 6–8)

•

•

•

•

and collaboratively to produce data to
serve as the basis for evidence, and in the
design: decide on types, how much, and
accuracy of data needed to produce reliable
measurements and consider limitations on
the precision of the data (e.g., number of
trials, cost, risk, time), and refine the design
accordingly.
Plan and conduct an investigation or test a
design solution in a safe and ethical manner
including considerations of environmental,
social, and personal impacts.
Select appropriate tools to collect, record,
analyze, and evaluate data.
Make directional hypotheses that specify
what happens to a dependent variable when
an independent variable is manipulated.
Manipulate variables and collect data about
a complex model of a proposed process or
system to identify failure points or improve
performance relative to criteria for success or
other variables.

• Plan and conduct an investigation individually

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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Middle Grades
(Grades 6–8)
Analyzing data in 6–8 builds on K–5 experiences and progresses to extending
quantitative analysis to investigations,
distinguishing between correlation and
causation, and basic statistical techniques
of data and error analysis.
• Construct, analyze, and/or interpret
graphical displays of data and/or large
data sets to identify linear and nonlinear
relationships.
• Use graphical displays (e.g., maps,
charts, graphs, and/or tables) of large
data sets to identify temporal and spatial
relationships.
• Distinguish between causal and
correlational relationships in data.
• Analyze and interpret data to provide
evidence for phenomena.
• Apply concepts of statistics and probability
(including mean, median, mode, and
variability) to analyze and characterize
data, using digital tools when feasible.
• Consider limitations of data analysis
(e.g., measurement error), and/or seek
to improve precision and accuracy of
data with better technological tools and
methods (e.g., multiple trials).
• Analyze and interpret data to determine
similarities and differences in findings.
• Analy e data to define an optimal
operational range for a proposed object,
tool, process or system that best meets
criteria for success.

Elementary School
(Grades 3–5)
Analyzing data in 3–5
builds on K–2 experiences
and progresses to introducing quantitative approaches
to collecting data and conducting multiple trials of
qualitative observations.
When possible and feasible, digital tools should be
used.
• Represent data in tables
and/or various graphical
displays (bar graphs,
pictographs and/or pie
charts) to reveal patterns
that indicate relationships.
• Analyze and interpret
data to make sense of
phenomena, using logical
reasoning, mathematics,
and/or computation.
• Compare and contrast
data collected by
different groups in order
to discuss similarities
and differences in their
findings.
• Analy e data to refine
a problem statement or
the design of a proposed
object, tool, or process.
• Use data to evaluate and
refine design solutions.

Primary School
(Grades K–2)

Analyzing data in K–2
builds on prior experiences and progresses
to collecting, recording, and sharing
observations.
• Record information
(observations,
thoughts, and ideas).
• Use and share
pictures, drawings,
and/or writings of
observations.
• Use observations
(firsthand or from
media) to describe
patterns and/or
relationships in the
natural and designed
world(s) in order
to answer scientific
questions and solve
problems.
• Compare predictions
(based on prior
experiences) to what
occurred (observable
events).
• Analyze data from
tests of an object or
tool to determine if it
works as intended.

4. ANALYZING AND INTERPRETING DATA

Analyzing data in 9–12 builds on K–8
experiences and progresses to introducing more detailed statistical analysis, the
comparison of data sets for consistency,
and the use of models to generate and
analyze data.
• Analyze data using tools, technologies,
and/or models (e.g., computational,
mathematical) in order to make
valid and reliable scientific claims or
determine an optimal design solution.
• Apply concepts of statistics and
probability (including determining
function fits to data, slope, intercept,
and correlation coefficient for linear
fits) to science and engineering
questions and problems, using digital
tools when feasible.
• Consider limitations of data analysis
(e.g., measurement error, sample
selection) when analyzing and
interpreting data.
• Compare and contrast various types
of data sets (e.g., self-generated,
archival) to examine consistency of
measurements and observations.
• Evaluate the impact of new data on a
working explanation and/or model of a
proposed process or system.
• Analyze data to identify design features
or characteristics of the components of a
proposed process or system to optimize
it relative to criteria for success.

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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High School
(Grades 9–12)
Mathematical and computational thinking in
9–12 builds on K–8 experiences and progresses to using algebraic thinking and
analysis, a range of linear and nonlinear
functions including trigonometric functions,
exponentials and logarithms, and computational tools for statistical analysis to analyze,
represent, and model data. Simple computational simulations are created and used
based on mathematical models of basic
assumptions.
• Create and/or revise a computational
model or simulation of a phenomenon,
designed device, process, or system.
• Use mathematical, computational, and/or
algorithmic representations of phenomena
or design solutions to describe and/or
support claims and/or explanations.
• Apply techniques of algebra and functions
to represent and solve science and
engineering problems.
• Use simple limit cases to test mathematical
expressions, computer programs,
algorithms, or simulations of a process or
system to see if a model “makes sense”
by comparing the outcomes with what is
known about the real world.
• Apply ratios, rates, percentages, and unit
conversions in the context of complicated
measurement problems involving
quantities with derived or compound units
(such as mg/mL, kg/m3, acre-feet, etc.).

Middle Grades
(Grades 6–8)
Mathematical and computational
thinking in 6–8 builds on K–5
experiences and progresses to
identifying patterns in large data
sets and using mathematical concepts to support explanations and
arguments.
• Use digital tools (e.g., computers)
to analyze very large data sets
for patterns and trends.
• Use mathematical representations
to describe and/or support
scientific conclusions and design
solutions.
• Create algorithms (a series
of ordered steps) to solve a
problem.
• Apply mathematical concepts
and/or processes (e.g., ratio,
rate, percent, basic operations,
simple algebra) to scientific
and engineering questions and
problems.
• Use digital tools and/or
mathematical concepts and
arguments to test and compare
proposed solutions to an
engineering design problem.

Elementary School
(Grades 3–5)
Mathematical and computational thinking in 3–5
builds on K–2 experiences
and progresses to extending
quantitative measurements
to a variety of physical properties and using computation
and mathematics to analyze
data and compare alternative design solutions.
• Decide if qualitative or
quantitative data are best
to determine whether a
proposed object or tool
meets criteria for success.
• Organize simple data sets
to reveal patterns that
suggest relationships.
• Describe, measure,
estimate, and/or graph
quantities (e.g., area,
volume, weight, time)
to address science and
engineering questions and
problems.
• Create and/or use graphs
and/or charts generated
from simple algorithms
to compare alternative
solutions to an engineering
problem.

Primary School
(Grades K–2)

Mathematical and computational thinking in K 2 builds
on prior experience and progresses to recognizing that
mathematics can be used
to describe the natural and
designed world(s).
• Decide when to use
qualitative versus
quantitative data.
• Use counting and numbers
to identify and describe
patterns in the natural and
designed world(s).
• Describe, measure, and/
or compare quantitative
attributes of different
objects and display the
data using simple graphs.
• Use quantitative data to
compare two alternative
solutions to a problem.

5. USING MATHEMATICS AND COMPUTATIONAL THINKING

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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High School
(Grades 9–12)
Constructing explanations and designing
solutions in 9–12 builds on K–8 experiences and progresses to explanations
and designs that are supported by multiple and independent student-generated
sources of evidence consistent with scientific ideas, principles, and theories.
• Make a quantitative and/or qualitative
claim regarding the relationship
between dependent and independent
variables.
• Construct and revise an explanation
based on valid and reliable evidence
obtained from a variety of sources
(including students’ own investigations,
models, theories, simulations, peer
review) and the assumption that
theories and laws that describe the
natural world operate today as they
did in the past and will continue to do
so in the future.
• Apply scientific ideas, principles, and
or evidence to provide an explanation
of phenomena and solve design
problems, taking into account possible
unanticipated effects.
• Apply scientific reasoning, theory,
and/or models to link evidence to the
claims to assess the extent to which
the reasoning and data support the
explanation or conclusion.

Middle Grades
(Grades 6–8)
Constructing explanations and designing solutions in 6–8 builds on K–5 experiences and
progresses to include constructing explanations and designing solutions supported by
multiple sources of evidence consistent with
scientific ideas, principles, and theories.
• Construct an explanation that includes
qualitative or quantitative relationships
between variables that predict(s) and/or
describe(s) phenomena.
• Construct an explanation using models or
representations.
• Construct a scientific explanation based
on valid and reliable evidence obtained
from sources (including the students’ own
experiments) and the assumption that
theories and laws that describe the natural
world operate today as they did in the past
and will continue to do so in the future.
• Apply scientific ideas, principles, and or
evidence to construct, revise and/or use
an explanation for real- world phenomena,
examples, or events.
• Apply scientific reasoning to show why
the data or evidence is adequate for the
explanation or conclusion.
• Apply scientific ideas or principles to design,
construct, and/or test a design of an object,
tool, process or system.
• Undertake a design project, engaging in the
design cycle, to construct and/or implement
a solution that meets specific design criteria
and constraints.

Elementary School
(Grades 3–5)
Constructing explanations
and designing solutions in
3–5 builds on K–2 experiences and progresses
to the use of evidence
in constructing explanations that specify variables
that describe and predict
phenomena and in designing multiple solutions to
design problems.
• Construct an explanation
of observed relationships
(e.g., the distribution of
plants in the back yard).
• Use evidence (e.g.,
measurements,
observations, patterns)
to construct or support
an explanation or design
a solution to a problem.
• Identify the evidence
that supports particular
points in an explanation.
• Apply scientific ideas to
solve design problems.
• Generate and compare
multiple solutions to
a problem based on
how well they meet the
criteria and constraints
of the design solution.

Primary School
(Grades K–2)

Constructing explanations and designing
solutions in K–2 builds
on prior experiences and
progresses to the use of
evidence and ideas in
constructing evidencebased accounts of
natural phenomena and
designing solutions.
• Make observations
(firsthand or from
media) to construct
an evidence-based
account for natural
phenomena.
• Use tools and/or
materials to design
and/or build a device
that solves a specific
problem or a solution
to a specific problem.
• Generate and/or
compare multiple
solutions to a problem.

6. CONSTRUCTING EXPLANATIONS (FOR SCIENCE) AND DESIGNING SOLUTIONS (FOR ENGINEERING)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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Engaging in argument
from evidence in K–2
builds on prior experiences and progresses
to comparing ideas
and representations
about the natural and
designed world(s).
• Identify arguments
that are supported by
evidence.
• Distinguish between
explanations that
account for all
gathered evidence and
those that do not.
• Analyze why some
evidence is relevant
to a scientific question
and some is not.
• Distinguish between
opinions and
evidence in one’s own
explanations.

Engaging in argument from
evidence in 3–5 builds on K–2
experiences and progresses to
critiquing the scientific explanations or solutions proposed
by peers by citing relevant evidence about the natural and
designed world(s).
• Compare and refine
arguments based on an
evaluation of the evidence
presented.
• Distinguish among facts,
reasoned judgment based
on research findings,
and speculation in an
explanation.
• Respectfully provide and
receive critiques from peers
about a proposed procedure,
explanation, or model by
citing relevant evidence and
posing specific questions.

7. ENGAGING IN ARGUMENT FROM EVIDENCE

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

Engaging in argument from evidence
in 6–8 builds on K–5 experiences and
progresses to constructing a convincing argument that supports or refutes
claims for either explanations or solutions about the natural and designed
world(s).
• Compare and critique two arguments
on the same topic and analyze
whether they emphasize similar
or different evidence and/or
interpretations of facts.
• Respectfully provide and receive
critiques about one’s explanations,
procedures, models, and questions by
citing relevant evidence and posing
and responding to questions that
elicit pertinent elaboration and detail.
• Construct, use, and/or present an
oral and written argument supported
by empirical evidence and scientific
reasoning to support or refute an
explanation or a model for a phenomenon or a solution to a problem.

Engaging in argument from evidence in
9–12 builds on K–8 experiences and progresses to using appropriate and sufficient
evidence and scientific reasoning to defend
and critique claims and explanations
about the natural and designed world(s).
Arguments may also come from current
scientific or historical episodes in science.
• Compare and evaluate competing arguments or design solutions in light of
currently accepted explanations, new
evidence, limitations (e.g., trade-offs),
constraints, and ethical issues.
• Evaluate the claims, evidence, and/
or reasoning behind currently accepted
explanations or solutions to determine
the merits of arguments.
• Respectfully provide and/or receive critiques on scientific arguments by probing
reasoning and evidence, challenging ideas and conclusions, responding
thoughtfully to diverse perspectives,
and determining additional information
required to resolve contradictions.

solution to a complex real-world
problem, based on scientific knowledge,
student-generated sources of evidence,
prioritized criteria, and tradeoff
considerations.

• Design, evaluate, and or refine a

• Optimize performance of a design by

prioritizing criteria, making tradeoffs,
testing, revising, and re-testing.

High School
(Grades 9–12)

Middle Grades
(Grades 6–8)

6. CONSTRUCTING EXPLANATIONS (FOR SCIENCE) AND DESIGNING SOLUTIONS (FOR ENGINEERING)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Appendix 1

2016 California Science Framework

2016 California Science Framework
• Construct and/or support

an argument with evidence,
data, and/or a model.
• Use data to evaluate claims
about cause and effect.
• Make a claim about the merit
of a solution to a problem
by citing relevant evidence
about how it meets the
criteria and constraints of the
problem.

• Listen actively to arguments

to indicate agreement or
disagreement based on
evidence, and/or to retell
the main points of the
argument.
• Construct an argument with
evidence to support a claim.
• Make a claim about the
effectiveness of an object,
tool, or solution that is
supported by relevant
evidence.

argument that supports
or refutes the advertised
performance of a device,
process, or system based on
empirical evidence concerning
whether or not the technology
meets relevant criteria and
constraints.
• Evaluate competing design
solutions based on jointly
developed and agreed-upon
design criteria.

• Make an oral or written

Middle Grades
(Grades 6–8)

Appendix 1

Obtaining, evaluating, and
communicating information
in K–2 builds on prior experiences and uses observations
and texts to communicate
new information.
• Read grade-appropriate
texts and/or use media
to obtain scientific and
or technical information to
determine patterns in and/or
evidence about the natural
and designed world(s).

Obtaining, evaluating, and
communicating information in
3–5 builds on K–2 experiences
and progresses to evaluating the merit and accuracy of
ideas and methods.
• Read and comprehend
grade-appropriate complex
texts and/or other reliable
media to summarize and
obtain scientific and technical
ideas and describe how they
are supported by evidence.

Obtaining, evaluating, and communicating information in 6–8
builds on K–5 experiences and
progresses to evaluating the
merit and validity of ideas and
methods.
• Critically read scientific texts
adapted for classroom use to
determine the central ideas
and or obtain scientific and
or technical information to
describe patterns in and/or
evidence about the natural and
designed world(s).

8. OBTAINING, EVALUATING, AND COMMUNICATING INFORMATION

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

7. ENGAGING IN ARGUMENT FROM EVIDENCE

Obtaining, evaluating, and communicating
information in 9–12 builds on K–8 experiences and progresses to evaluating the
validity and reliability of the claims, methods, and designs.
• Critically read scientific literature adapted
for classroom use to determine the central
ideas or conclusions and/or to obtain
scientific and or technical information to
summarize complex evidence, concepts,
processes, or information presented in a
text by paraphrasing them in simpler but
still accurate terms.

written argument or counter-arguments
based on data and evidence.
• Make and defend a claim based on
evidence about the natural world or the
effectiveness of a design solution that
reflects scientific knowledge and studentgenerated evidence.
• Evaluate competing design solutions to
a real-world problem based on scientific
ideas and principles, empirical evidence,
and/or logical arguments regarding
relevant factors (e.g. economic, societal,
environmental, ethical considerations).

• Construct, use, and/or present an oral and

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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Elementary School
(Grades 3–5)
• Compare and/or combine

across complex texts and/or
other reliable media to support
the engagement in other
science and/or engineering
practices.
• Combine information in written
text with that contained
in corresponding tables,
diagrams, and/or charts to
support the engagement
in other science and/or
engineering practices.
• Obtain and combine
information from books and/or
other reliable media to explain
phenomena or solutions to a
design problem.
• Communicate scientific and
or technical information orally
and/or in written formats,
including various forms of
media as well as tables,
diagrams, and charts.

Primary School
(Grades K–2)

• Describe how specific

images (e.g., a diagram
showing how a machine
works) support a scientific
or engineering idea.
• Obtain information using
various texts, text features
(e.g., headings, tables
of contents, glossaries,
electronic menus, icons),
and other media that will
be useful in answering a
scientific question and
or supporting a scientific
claim.
• Communicate information
or design ideas and/or
solutions with others in
oral and/or written forms
using models, drawings,
writing, or numbers that
provide detail about
scientific ideas, practices,
and/or design ideas.

quantitative scientific and or
technical information in written
text with that contained in
media and visual displays to
clarify claims and findings.
• Gather, read, and synthesize
information from multiple
appropriate sources and assess
the credibility, accuracy, and
possible bias of each publication
and methods used, and describe
how they are supported or not
supported by evidence.
• Evaluate data, hypotheses,
and or conclusions in scientific
and technical texts in light
of competing information or
accounts.
• Communicate scientific and
or technical information (e.g.
about a proposed object, tool,
process, system) in writing and/
or through oral presentations.

• Integrate qualitative and/or

Middle Grades
(Grades 6–8)

8. OBTAINING, EVALUATING, AND COMMUNICATING INFORMATION

sources of information presented in
different media or formats (e.g., visually,
quantitatively) as well as in words in
order to address a scientific question or
solve a problem.
• ather, read, and evaluate scientific
and/or technical information from
multiple authoritative sources, assessing
the evidence and usefulness of each
source.
• Evaluate the validity and reliability
of and/or synthesize multiple claims,
methods, and/or designs that appear
in scientific and technical texts or
media reports, verifying the data when
possible.
• Communicate scientific and or
technical information or ideas (e.g.
about phenomena and/or the process
of development and the design and
performance of a proposed process or
system) in multiple formats (i.e., orally,
graphically, textually, mathematically).

• Compare, integrate and evaluate

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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2016 California Science Framework

2016 California Science Framework

LS1.A: Structure and Function

have both internal
and external
structures that serve
various functions
in growth, survival,
behavior, and
reproduction.
(4-LS1-1)

• Plants and animals

• All organisms have

external parts.
Different animals use
their body parts in
different ways to see,
hear, grasp objects,
protect themselves,
move from place to
place, and seek, find,
and take in food,
water and air. Plants
also have different
parts (roots, stems,
leaves, flowers,
fruits) that help them
survive and grow.
(1-LS1-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)
cells, the smallest unit that can
be said to be alive. An organism
may consist of one single cell
(unicellular) or many different
numbers and types of cells
(multicellular). (MS-LS1-1)
• Organisms reproduce, either
sexually or asexually, and transfer
their genetic information to their
offspring. (secondary to MS-LS3-2)
• Within cells, special structures
are responsible for particular
functions, and the cell membrane
forms the boundary that controls
what enters and leaves the cell.
(MS-LS1-2)
• In multicellular organisms, the
body is a system of multiple
interacting subsystems. These
subsystems are groups of cells
that work together to form tissues
and organs that are specialized for
particular body functions.
(MS-LS1-3)

• All living things are made up of

Middle Grades
(Grades 6–8)

LS1: FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

LIFE SCIENCE

Appendix 1
•

•

•

•

organisms help them perform the
essential functions of life. (HS-LS1-1)
All cells contain genetic information
in the form of deoxyribonucleic acid
(DNA) molecules. Genes are regions in
the DNA that contain the instructions
that code for the formation of proteins,
which carry out most of the work of
cells. (HS-LS1-1) (secondary to HSLS3-1)
Multicellular organisms have a
hierarchical structural organization,
in which any one system is made
up of numerous parts and is itself a
component of the next level. (HS-LS1-2)
Feedback mechanisms maintain a living
system’s internal conditions within
certain limits and mediate behaviors,
allowing it to remain alive and functional
even as external conditions change
within some range.
Feedback mechanisms can encourage
(through positive feedback) or
discourage (negative feedback) what is
going on inside the living system. (HSLS1-3)

• Systems of specialized cells within

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Progression of Disciplinary Core Ideas in Grades K–12
Adapted from the NGSS Appendix E by the California Science Project.
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LS1.C: Organization for Matter and Energy Flow

1588

LS1.B: Growth and
Development of Organisms

food in order to
live and grow.
They obtain their
food from plants
or from other
animals. Plants
need water and
light to live and
grow. (K-LS1-1)

• All animals need

animals with
the materials
they need for
body repair and
growth and the
energy they
need to maintain
body warmth
and for motion.
(secondary to
5-PS3-1)
• Plants acquire
their material for
growth chiefly
from air and
water. (5-LS1-1)

• Food provides

is essential to
the continued
existence of every
kind of organism.
Plants and animals
have unique and
diverse life cycles.
(3-LS1-1)

• Reproduction

• Adult plants

and animals can
have young. In
many kinds of
animals, parents
and the offspring
themselves
engage in
behaviors that
help the offspring
to survive.
(1-LS1-2)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

phytoplankton), and many
microorganisms use the
energy from light to make
sugars (food) from carbon
dioxide from the atmosphere
and water through the process
of photosynthesis, which also
releases oxygen. These sugars
can be used immediately or
stored for growth or later use.
(MS-LS1-6)
• Within individual organisms,
food moves through a series of
chemical reactions in which it
is broken down and rearranged
to form new molecules, to
support growth, or to release
energy. (MS-LS1-7)

• Plants, algae (including

istic behaviors that increase
the odds of reproduction.
(MS-LS1-4)
• Plants reproduce in a variety
of ways, sometimes depending on animal behavior and
specialized features for reproduction. (MS-LS1-4)
• Genetic factors as well as local
conditions affect the growth
of the adult plant. (MS-LS1-5)

• Animals engage in character-

Middle Grades
(Grades 6–8)

LS1: FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

stored chemical energy by converting carbon dioxide plus
water into sugars plus released oxygen. (HS-LS1-5)
• The sugar molecules thus formed contain carbon,
hydrogen, and oxygen: their hydrocarbon backbones
are used to make amino acids and other carbon-based
molecules that can be assembled into larger molecules
(such as proteins or DNA), used for example to form
new cells. (HS-LS1-6)
• As matter and energy flow through different
organizational levels of living systems, chemical
elements are recombined in different ways to form
different products. (HS-LS1-6) (HS-LS1-7)
• As a result of these chemical reactions, energy is transferred from one system of interacting molecules to another
and release energy to the surrounding environment and to
maintain body temperature. Cellular respiration is a chemical process whereby the bonds of food molecules and oxygen molecules are broken and new compounds are formed
that can transport energy to muscles. (HS-LS1-7)

• The process of photosynthesis converts light energy to

divide via a process called mitosis, thereby allowing the
organism to grow. The organism begins as a single cell
(fertilized egg) that divides successively to produce many
cells, with each parent cell passing identical genetic
material (two variants of each chromosome pair) to
both daughter cells. Cellular division and differentiation
produce and maintain a complex organism, composed
of systems of tissues and organs that work together to
meet the needs of the whole organism. (HS-LS1-4)

• In multicellular organisms individual cells grow and then

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Appendix 1

2016 California Science Framework

Appendix 1

LS2.A: Interdependent Relationships in
Ecosystems

2016 California Science Framework
are specialized for particular
kinds of information, which
may be then processed by the
animal’s brain. Animals are
able to use their perceptions
and memories to guide their
actions. (4-LS1-2)

• Different sense receptors

• Animals have body

parts that capture
and convey different
kinds of information
needed for growth
and survival. Animals
respond to these
inputs with behaviors that help them
survive. Plants also
respond to some
external inputs.
(1-LS1-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)
different inputs (electromagnetic,
mechanical, chemical),
transmitting them as signals
that travel along nerve cells to
the brain. The signals are then
processed in the brain, resulting in
immediate behaviors or memories.
(MS-LS1-8)

• Each sense receptor responds to

Middle Grades
(Grades 6–8)

water and light to
grow. (2-LS2-1)
• Plants depend on
animals for pollination
or to move their
seeds around.
(2-LS2-2)

• Plants depend on

of animal can be traced
back to plants. Organisms
are related in food webs
in which some animals eat
plants for food and other
animals eat the animals that
eat plants. Some organisms,
such as fungi and bacteria,
break down dead organisms
(both plants or plants parts
and animals) and therefore
operate as “decomposers.”
Decomposition eventually
restores (recycles) some
materials back to the soil.

• The food of almost any kind

organisms, are dependent on their
environmental interactions both
with other living things and with
nonliving factors. (MS-LS2-1)
• In any ecosystem, organisms
and populations with similar
requirements for food, water,
oxygen, or other resources may
compete with each other for
limited resources, access to which
consequently constrains their
growth and reproduction.
(MS-LS2-1)
• Growth of organisms and
population increases are limited by
access to resources. (MS-LS2-1)

• Organisms, and populations of

LS2: ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

LS1.D: Information processing

LS1: FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

which are limits to the numbers of
organisms and populations they can
support. These limits result from
such factors as the availability of
living and nonliving resources and
from challenges such as predation,
competition, and disease. Organisms
would have the capacity to produce
populations of great size were it
not for the fact that environments
and resources are finite. This
fundamental tension affects the
abundance (number of individuals)
of species in any given ecosystem.
(HS-LS2-1) (HS-LS2-2)

• Ecosystems have carrying capacities,

blank

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

1589

Appendix 1

LS2.B: Cycles of Matter and Energy
Transfer in Ecosystems

1590

LS2.A: Interdependent
Relationships in Ecosystems

blank

• Organisms can survive

blank

the air and soil and
among plants, animals,
and microbes as these
organisms live and die.
Organisms obtain gases,
and water, from the environment, and release
waste matter (gas, liquid,
or solid) back into the
environment. (5-LS2-1)

• Matter cycles between

only in environments in
which their particular
needs are met. A healthy
ecosystem is one in
which multiple species of
different types are each
able to meet their needs
in a relatively stable web
of life. Newly introduced
species can damage the
balance of an ecosystem. (5-LS2-1)

Elementary School
(Grades 3–5)

blank

strate how matter and energy are
transferred between producers, consumers, and decomposers as the
three groups interact within an ecosystem. Transfers of matter into
and out of the physical environment
occur at every level. Decomposers
recycle nutrients from dead plant
or animal matter back to the soil in
terrestrial environments or to the
water in aquatic environments. The
atoms that make up the organisms
in an ecosystem are cycled repeatedly between the living and nonliving
parts of the ecosystem. (MS-LS2-3)

• Food webs are models that demon-

reduce the number of organisms
or eliminate whole populations of
organisms. Mutually beneficial interactions, in contrast, may become
so interdependent that each organism requires the other for survival.
Although the species involved in
these competitive, predatory, and
mutually beneficial interactions vary
across ecosystems, the patterns of
interactions of organisms with their
environments, both living and nonliving, are shared. (MS-LS2-2)

• Similarly, predatory interactions may

Middle Grades
(Grades 6–8)

LS2: ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

anaerobic processes) provide most of the energy
for life processes. (HS-LS2-3)
• Plants or algae form the lowest level of the food
web. At each link upward in a food web, only a
small fraction of the matter consumed at the lower
level is transferred upward, to produce growth and
release energy in cellular respiration at the higher
level. iven this inefficiency, there are generally
fewer organisms at higher levels of a food web.
Some matter releases energy for life functions,
some matter is stored in newly made structures,
and much is discarded. The chemical elements that
make up the molecules of organisms pass through
food webs and into and out of the atmosphere and
soil, and they are combined and recombined in different ways. At each link in an ecosystem, matter
and energy are conserved. (HS-LS2-4)

• Photosynthesis and cellular respiration (including

blank

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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2016 California Science Framework

Appendix 1

LS2.D: Social Interactions
and Group Behavior

LS2.C: Ecosystem Dynamics,
Functioning, and Resilience

blank

• When the environment

blank

helps animals obtain
food, defend themselves,
and cope with changes.
Groups may serve
different functions and
vary dramatically in size
(Note: Moved from K–2).
(3-LS2-1)

• Being part of a group

changes in ways that
affect a place’s physical characteristics,
temperature, or availability of resources,
some organisms survive
and reproduce, others
move to new locations,
yet others move into
the transformed environment, and some die.
(secondary to 3-LS4-4)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

can influence humans
resources, such as food,
energy, and medicines, as
well as ecosystem services
that humans rely on—for
example, water purification
and recycling. (secondary to
MS-LS2-5)

• Changes in biodiversity

in nature; their characteristics can vary over time.
Disruptions to any physical or biological component
of an ecosystem can lead
to shifts in its populations.
(MS-LS2-4)
• Biodiversity describes the
variety of species found
in Earth’s terrestrial and
oceanic ecosystems. The
completeness or integrity of
an ecosystem’s biodiversity is
often used as a measure of
its health. (MS-LS2-5)

• Ecosystems are dynamic

Middle Grades
(Grades 6–8)

LS2: ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

can increase the chances of survival for individuals
and their genetic relatives. (HS-LS2-8)

• Group behavior has evolved because membership

can keep its numbers and types of organisms
relatively constant over long periods of time under
stable conditions. If a modest biological or physical
disturbance to an ecosystem occurs, it may return to
its more or less original status (i.e., the ecosystem is
resilient), as opposed to becoming a very different
ecosystem. Extreme fluctuations in conditions or the
size of any population, however, can challenge the
functioning of ecosystems in terms of resources and
habitat availability. (HS-LS2-2) (HS-LS2-6)
• Moreover, anthropogenic changes (induced by
human activity) in the environment—including
habitat destruction, pollution, introduction of
invasive species, overexploitation, and climate
change—can disrupt an ecosystem and threaten the
survival of some species. (HS-LS2-7)

• A complex set of interactions within an ecosystem

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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LS3.B: Variation of Traits

1592

LS3.A: Inheritance of Traits

of the same
kind of plant
or animal are
recognizable
as similar but
can also vary in
many ways.
(1-LS3-1)

• Individuals

vary in how they look
and function because
they have different
inherited information.
(3-LS3-1)
• The environment
also affects the traits
that an organism
develops. (3-LS3-2)

• Different organisms

of organisms are
inherited from their
parents. (3-LS3-1)
• Other characteristics
result from individuals’ interactions with
the environment,
which can range from
diet to learning. Many
characteristics involve
both inheritance and
environment.
(3-LS3-2)

• Many characteristics

• Young animals

are very much,
but not exactly,
like their
parents. Plants
also are very
much, but not
exactly, like
their parents.
(1-LS3-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

each parent contributes half of the
genes acquired (at random) by the offspring. Individuals have two of each
chromosome and hence two alleles of
each gene, one acquired from each parent. These versions may be identical or
may differ from each other. (MS-LS3-2)
• In addition to variations that arise from
sexual reproduction, genetic information
can be altered because of mutations.
Though rare, mutations may result in
changes to the structure and function of
proteins. Some changes are beneficial,
others harmful, and some neutral to the
organism. (MS-LS3-1)

• In sexually reproducing organisms,

of cells, with each chromosome pair
containing two variants of each of many
distinct genes. Each distinct gene chiefly
controls the production of specific proteins, which in turn affects the traits of
the individual. Changes (mutations) to
genes can result in changes to proteins,
which can affect the structures and
functions of the organism and thereby
change traits. (MS-LS3-1)
• Variations of inherited traits between
parent and offspring arise from genetic
differences that result from the subset
of chromosomes (and therefore genes)
inherited. (MS-LS3-2)

• Genes are located in the chromosomes

Middle Grades
(Grades 6–8)

LS3: HEREDITY: INHERITANCE AND VARIATION OF TRAITS

sometimes swap sections during the process
of meiosis (cell division), thereby creating new
genetic combinations and thus more genetic
variation. Although DNA replication is tightly
regulated and remarkably accurate, errors do
occur and result in mutations, which are also
a source of genetic variation. Environmental
factors can also cause mutations in genes, and
viable mutations are inherited. (HS-LS3-2)
• Environmental factors also affect expression
of traits, and hence affect the probability of
occurrences of traits in a population. Thus the
variation and distribution of traits observed
depends on both genetic and environmental
factors. (HS-LS3-2) (HS-LS3-3)

• In sexual reproduction, chromosomes can

long DNA molecule, and each gene on the
chromosome is a particular segment of that
DNA. The instructions for forming species’
characteristics are carried in DNA. All cells in
an organism have the same genetic content,
but the genes used (expressed) by the cell
may be regulated in different ways. Not all
DNA codes for a protein; some segments of
DNA are involved in regulatory or structural
functions, and some have no as-yet known
function. (HS-LS3-1)

• Each chromosome consists of a single very

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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2016 California Science Framework

Appendix 1

LS4.B: Natural Selection

LS4.A: Evidence of Common Ancestry
and Diversity

differences in
characteristics
between individuals
of the same species
provide advantages
in surviving,
finding mates, and
reproducing. (3-LS4-2)

• Sometimes the

of certain traits in a population, and the
suppression of others. (MS-LS4-4)
• n artificial selection, humans have the
capacity to influence certain characteristics
of organisms by selective breeding. One can
choose desired parental traits determined
by genes, which are then passed on to offspring. (MS-LS4-5)

• Natural selection leads to the predominance

in chronological order (e.g., through the
location of the sedimentary layers in which
they are found or through radioactive
dating) is known as the fossil record.
It documents the existence, diversity,
extinction, and change of many life forms
throughout the history of life on Earth. (MSLS4-1)
• Anatomical similarities and differences
between various organisms living today
and between them and organisms in the
fossil record, enable the reconstruction of
evolutionary history and the inference of
lines of evolutionary descent. (MS-LS4-2)
• Comparison of the embryological
development of different species also
reveals similarities that show relationships
not evident in the fully formed anatomy.
(MS-LS4-3)

and animals that
once lived on Earth
are no longer found
anywhere. (Note:
moved from K-2)
(3-LS4-1)
• Fossils provide
evidence about the
types of organisms that
lived long ago and also
about the nature of
their environments.
(3-LS4-1)

blank

• The collection of fossils and their placement

• Some kinds of plants

blank

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

LS4: BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

is both (1) variation in the genetic
information between organisms in a
population and (2) variation in the
expression of that genetic information—
that is, trait variation—that leads to
differences in performance among
individuals. (HS-LS4-2) (HS-LS4-3)
• The traits that positively affect survival
are more likely to be reproduced,
and thus are more common in the
population. (HS LS4 3)

• Natural selection occurs only if there

of evolution. DNA sequences vary
among species, but there are many
overlaps; in fact, the ongoing branching
that produces multiple lines of descent
can be inferred by comparing the DNA
sequences of different organisms. Such
information is also derivable from the
similarities and differences in amino acid
sequences and from anatomical and
embryological evidence. (HS-LS4-1)

• Genetic information provides evidence

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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1594

LS4.C: Adaptation

• For any particular

blank
environment, some
kinds of organisms
survive well, some
survive less well, and
some cannot survive
at all. (3-LS4-3)

Elementary School
(Grades 3–5)

Primary
School
(Grades K–2)
acting over generations is
one important process by
which species change over
time in response to changes
in environmental conditions.
Traits that support successful
survival and reproduction in
the new environment become
more common; those that do
not become less common.
Thus, the distribution of traits
in a population changes.
(MS-LS4-6)

• Adaptation by natural selection

Middle Grades
(Grades 6–8)

LS4: BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

Appendix 1
•

•

•

•

factors: (1) the potential for a species to increase in
number, (2) the genetic variation of individuals in a
species due to mutation and sexual reproduction, (3)
competition for an environment’s limited supply of the
resources that individuals need in order to survive and
reproduce, and (4) the ensuing proliferation of those
organisms that are better able to survive and reproduce
in that environment. (HS-LS4-2)
Natural selection leads to adaptation, resulting in a
population dominated by organisms that are anatomically,
behaviorally, and physiologically well suited to survive
and reproduce in a specific environment. That is, the
differential survival and reproduction of organisms in
a population that have an advantageous heritable trait
leads to an increase in the proportion of individuals in
future generations that have the trait and to a decrease
in the proportion of individuals that do not. (HS-LS4-3)
(HS-LS4-4)
Adaptation also means that the distribution of traits in a
population can change when conditions change. (HS-LS4-3)
Changes in the physical environment, whether naturally
occurring or human induced, have thus contributed
to the expansion of some species, the emergence
of new distinct species as populations diverge under
different conditions, and the decline–and sometimes the
extinction–of some species. (HS-LS4-5) (HS-LS4-6)
Species become extinct because they can no longer
survive and reproduce in their altered environment. If
members cannot adjust to change that is too fast or
drastic, the opportunity for the species’ evolution is lost.
(HS-LS4-5)

• Evolution is a consequence of the interaction of four

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

2016 California Science Framework

Appendix 1

in a variety of
habitats, and
change in those
habitats affects the
organisms living
there. (3-LS4-4)

• Populations live

• There are many

different kinds of
living things in any
area, and they exist
in different places
on land and in
water. (2-LS4-1)

Elementary
School
(Grades 3–5)

Primary School
(Grades K–2)

motion of the
sun, moon, and
stars in the sky
can be observed,
described, and
predicted.
(1-ESS1-1)

• Patterns of the

that appears larger
and brighter than
other stars because
it is closer to Earth.
Stars range greatly
in their distance
from Earth.
(5-ESS1-1)

• The sun is a star

ESS1: EARTH’S PLACE IN THE UNIVERSE

ESS1.A: The Universe and Its Stars

2016 California Science Framework

EARTH AND SPACE SCIENCE

LS4.D: Biodiversity

apparent motion of
the sun, the moon,
and stars in the sky
can be observed,
described, predicted,
and explained with
models.
(MS-ESS1-1)
• Earth and its solar
system are part
of the Milky Way
galaxy, which is one
of many galaxies in
the universe.
(MS-ESS1-2)

• Patterns of the

Middle Grades
(Grades 6–8)

LS4: BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

compositional elements of stars, their movements, and their
distances from Earth. (HS-ESS1-2) (HS-ESS1-3)
• The Big Bang theory is supported by observations of distant
galaxies receding from our own, of the measured composition
of stars and non-stellar gases, and of the maps of spectra of the
primordial radiation (cosmic microwave background) that still fills
the universe. (HS-ESS1-2)
• Other than the hydrogen and helium formed at the time of
the Big Bang, nuclear fusion within stars produces all atomic
nuclei lighter than and including iron, and the process releases
electromagnetic energy. Heavier elements are produced when
certain massive stars achieve a supernova stage and explode.
(HS-ESS1- 2) (HS-ESS1-3)

• The study of stars’ light spectra and brightness is used to identify

lifespan of approximately 10 billion years. (HS-ESS1-1)

• The star called the sun is changing and will burn out over a

(speciation) and decreased by the loss of species (extinction).
(secondary to HS-LS2-7)
• Humans depend on the living world for the resources and other
benefits provided by biodiversity. ut human activity is also having
adverse impacts on biodiversity through overpopulation, overexploitation, habitat destruction, pollution, introduction of invasive
species, and climate change. Thus sustaining biodiversity so
that ecosystem functioning and productivity are maintained is
essential to supporting and enhancing life on Earth. Sustaining
biodiversity also aids humanity by preserving landscapes of recreational or inspirational value. (secondary to HS-LS2-7) (HS-LS4-6)

• Biodiversity is increased by the formation of new species

High School
(Grades 9–12)
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ESS1.C: The History of Plant Earth

1596

ESS1.B: Earth and the Solar System

happen very
quickly; others
occur very
slowly, over
a time period
much longer
than one can
observe.
(2-ESS1-1)

• Some events

global patterns of
rock formations reveal
changes over time due
to earth forces, such
as earthquakes. The
presence and location
of certain fossil types
indicate the order in
which rock layers were
formed. (4-ESS1-1)

• Local, regional, and

around the sun and of
the moon around Earth,
together with the rotation
of Earth about an axis
between its North and
South poles, cause
observable patterns.
These include day and
night; daily changes in
the length and direction
of shadows; and different
positions of the sun,
moon, and stars at
different times of the day,
month, and year.
(5-ESS1-2)

• The orbits of Earth

• Seasonal

patterns of
sunrise and
sunset can
be observed,
described, and
predicted.
(1-ESS1-2)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ESS1: EARTH’S PLACE IN THE UNIVERSE

rock strata provides a way to organize
Earth’s history. Analyses of rock strata
and the fossil record provide only relative
dates, not an absolute scale. (MS-ESS1-4)
• Tectonic processes continually generate
new ocean sea floor at ridges and destroy
old sea floor at trenches. (HS-ESS1-C
GBE) (secondary to MS-ESS2-3)

• The geologic time scale interpreted from

a collection of objects, including planets,
their moons, and asteroids that are held
in orbit around the sun by its gravitational
pull on them. (MS-ESS1-2) (MS-ESS1-3)
• This model of the solar system can
explain eclipses of the sun and the moon.
Earth s spin axis is fixed in direction over
the short-term, but tilted relative to its
orbit around the sun. The seasons are
a result of that tilt and are caused by
the differential intensity of sunlight on
different areas of Earth across the year.
(MS-ESS1-1)
• The solar system appears to have formed
from a disk of dust and gas, drawn
together by gravity. (MS-ESS1-2)

• The solar system consists of the sun and

Middle Grades
(Grades 6–8)

than 4 billion years, are generally much
older than the rocks of the ocean floor,
which are less than 200 million years
old. (HS-ESS1-5)
• Although active geologic processes, such
as plate tectonics and erosion, have
destroyed or altered most of the very
early rock record on Earth, other objects
in the solar system, such as lunar rocks,
asteroids, and meteorites, have changed
little over billions of years. Studying
these objects can provide information
about Earth’s formation and early
history. (HS-ESS1-6)

• Continental rocks, which can be older

of the motions of orbiting objects,
including their elliptical paths around
the sun. Orbits may change due to the
gravitational effects from, or collisions
with, other objects in the solar system.
(HS-ESS1-4)
• Cyclical changes in the shape of Earth’s
orbit around the sun, together with
changes in the tilt of the planet’s axis of
rotation, both occurring over hundreds
of thousands of years, have altered the
intensity and distribution of sunlight
falling on the earth. These phenomena
cause a cycle of ice ages and other
gradual climate changes. (secondary to
HS-ESS2-4)

• Kepler’s laws describe common features

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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2016 California Science Framework

ESS2.A: Earth Materials and Systems

land and affects the types
of living things found in a
region. Water, ice, wind, living
organisms, and gravity break
rocks, soils, and sediments
into smaller particles and move
them around. (4-ESS2-1)
• Earth’s major systems are the
geosphere (solid and molten
rock, soil, and sediments), the
hydrosphere (water and ice),
the atmosphere (air), and
the biosphere (living things,
including humans). These
systems interact in multiple
ways to affect Earth’s surface
materials and processes. The
ocean supports a variety of
ecosystems and organisms,
shapes landforms, and
influences climate. inds
and clouds in the atmosphere
interact with the landforms
to determine patterns of
weather. (5-ESS2-1)

• Rainfall helps to shape the

• Wind and water can

change the shape of
the land. (2-ESS2-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ESS2: EARTH’S SYSTEMS

result of energy flowing and
matter cycling within and
among the planet’s systems.
This energy is derived
from the sun and Earth’s
hot interior. The energy
that flows and matter that
cycles produce chemical
and physical changes in
Earth’s materials and living
organisms. (MS-ESS2-1)
• The planet’s systems interact
over scales that range
from microscopic to global
in size, and they operate
over fractions of a second
to billions of years. These
interactions have shaped
Earth’s history and will
determine its future.
(MS-ESS2-2)

• All Earth processes are the

Middle Grades
(Grades 6–8)

interacting, cause feedback effects that can
increase or decrease the original changes.
(HS-ESS2-1) (HS-ESS2-2)
• Evidence from deep probes and seismic
waves, reconstructions of historical changes
in Earth s surface and its magnetic field, and
an understanding of physical and chemical
processes lead to a model of Earth with a
hot but solid inner core, a liquid outer core,
a solid mantle, and a solid crust. Motions
of the mantle and its plates occur primarily
through thermal convection, which involves
the cycling of matter due to the outward
flow of energy from Earth s interior and
gravitational movement of denser materials
toward the interior. (HS-ESS2-3)
• The geological record shows that changes
to global and regional climate can be
caused by interactions among changes in
the sun’s energy output or Earth’s orbit,
tectonic events, ocean circulation, volcanic
activity, glaciers, vegetation, and human
activities. These changes can occur on a
variety of time scales from sudden (e.g.,
volcanic ash clouds) to intermediate (ice
ages) to very long-term tectonic cycles.
(HS-ESS2-4)

• Earth’s systems, being dynamic and

High School
(Grades 9–12)
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Appendix 1

ESS2.C: The Roles of Water
in Earths Surface

1598

ESS2.B: Plate Tectonics and LargeScale System Interactions

ocean, rivers, lakes,
and ponds. Water
exists as solid ice
and in liquid form.
(2-ESS2-3)

• Water is found in the

available water is in the
ocean. Most fresh water is
in glaciers or underground;
only a tiny fraction is in
streams, lakes, wetlands,
and the atmosphere.
(5-ESS2-2)

• Nearly all of Earth’s

ranges, deep ocean
trenches, ocean floor
structures, earthquakes,
and volcanoes occur in
patterns. Most earthquakes
and volcanoes occur in
bands that are often along
the boundaries between
continents and oceans.
Major mountain chains
form inside continents or
near their edges. Maps can
help locate the different
land and water features
areas of Earth. (4 ESS2-2)

• The locations of mountain

• Maps show where

things are located.
One can map the
shapes and kinds of
land and water in
any area. (2-ESS2-2)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ESS2: EARTH’S SYSTEMS

land, ocean, and atmosphere
via transpiration, evaporation,
condensation and crystallization,
and precipitation, as well as downhill
flows on land. (MS-ESS2- )
• The complex patterns of the changes
and the movement of water in the
atmosphere—determined by winds,
landforms, and ocean temperatures
and currents—are major determinants
of local weather patterns.
(MS-ESS2-5)

• Water continually cycles among

patterns, based on investigations of
rocks and fossils, make clear how
Earth’s plates have moved great
distances, collided, and spread apart.
(MS-ESS2-3)

• Maps of ancient land and water

Middle Grades
(Grades 6–8)

on Earth’s surface and its unique
combination of physical and chemical
properties are central to the planet’s
dynamics. These properties include
water’s exceptional capacity to
absorb, store, and release large
amounts of energy, transmit sunlight,
expand upon freezing, dissolve and
transport materials, and lower the
viscosities and melting points of
rocks. (HS-ESS2-5)

• The abundance of liquid water

isotopes continually generates
new energy within Earth’s crust
and mantle, providing the primary
source of the heat that drives mantle
convection. Plate tectonics can be
viewed as the surface expression of
mantle convection. (HS-ESS2-3)
• Plate tectonics is the unifying theory
that explains the past and current
movements of the rocks at Earth’s
surface and provides a framework for
understanding its geologic history.
(ESS2.B grade eight GBE) (HSESS2-1) (secondary to HS-ESS1-5)

• The radioactive decay of unstable

High School
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Appendix 1

ESS2.D: Weather and Climate

ESS2.C: The Roles of Water
in Earths Surface

• Scientists record patterns

of the weather across
different times and areas
so that they can make
predictions about what
kind of weather might
happen next. (3-ESS2-1)
• Climate describes a
range of an area’s typical
weather conditions and
the extent to which those
conditions vary over
years. (3-ESS2-2)

combination of sunlight,
wind, snow or rain,
and temperature in a
particular region at a
particular time.
• People measure these
conditions to describe and
record the weather and to
notice patterns over time.
(K-ESS2-1)

blank

blank

• Weather is the

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ESS2: EARTH’S SYSTEMS

eather and climate are influenced
by interactions involving sunlight, the
ocean, the atmosphere, ice, landforms,
and living things. These interactions
vary with latitude, altitude, and local
and regional geography, all of which
can affect oceanic and atmospheric
flow patterns. (MS-ESS2-6)
• Because these patterns are so
complex, weather can only be
predicted probabilistically. (MS-ESS2-5)
• The ocean exerts a ma or influence
on weather and climate by absorbing
energy from the sun, releasing it over
time, and globally redistributing it
through ocean currents. (MS-ESS2-6)
•

changes in form are propelled by
sunlight and gravity. (MS-ESS2-4)
• Variations in density due to variations
in temperature and salinity drive a
global pattern of interconnected ocean
currents. (MS-ESS2-6)
• Water’s movements—both on the land
and underground—cause weathering
and erosion, which change the
land’s surface features and create
underground formations. (MS-ESS2-2)

• Global movements of water and its

Middle Grades
(Grades 6–8)

global climate systems is the
electromagnetic radiation
from the sun, as well as its
reflection, absorption, storage,
and redistribution among the
atmosphere, ocean, and land
systems, and this energy’s
re-radiation into space.
(HS-ESS2-4)
• Gradual atmospheric changes
were due to plants and other
organisms that captured carbon
dioxide and released oxygen.
(HS-ESS2-6) (HS-ESS2-7)

• The foundation for Earth’s

blank
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ESS2.E: Biogeology

1600

ESS2.D: Weather and Climate

can change their
environment.
(K-ESS2-2)

physical characteristics of
their regions. (4-ESS2-1)

• Living things affect the

blank

blank

• Plants and animals

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ESS2: EARTH’S SYSTEMS

blank

blank

Middle Grades
(Grades 6–8)

between the biosphere and other Earth
systems cause a continual co-evolution of
Earth’s surface and the life that exists on it.
(HS-ESS2-7)

• The many dynamic and delicate feedbacks

activity have increased carbon dioxide
concentrations and thus affect climate.
(HS-ESS2-6) (HS-ESS2-4)
• Current models predict that, although future
regional climate changes will be complex
and varied, average global temperatures will
continue to rise. The outcomes predicted by
global climate models strongly depend on the
amounts of human-generated greenhouse
gases added to the atmosphere each year
and by the ways in which these gases are
absorbed by the ocean and biosphere.
(secondary to HS-ESS3-6)

• Changes in the atmosphere due to human

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Appendix 1

2016 California Science Framework

Appendix 1

ESS3.C: Human Impacts
on Earth Systems

2016 California Science Framework

ESS3.B: Natural
Hazards

ESS3.A: Natural Resources

comfortably can affect the
world around them. But they
can make choices that reduce
their impacts on the land,
water, air, and other living
things. (K-ESS3-3) (secondary
to K-ESS2-2)

• Things that people do to live

are more likely than others in a
given region. Weather scientists
forecast severe weather so that
the communities can prepare
for and respond to these
events. (K-ESS3-2)

• Some kinds of severe weather

agriculture, industry,
and everyday life have
had major effects on the
land, vegetation, streams,
ocean, air, and even outer
space. But individuals and
communities are doing
things to help protect
Earth’s resources and
environments. (5-ESS3-1)

• Human activities in

hazards result from natural
processes. Humans cannot
eliminate natural hazards
but can take steps to
reduce their impacts.
(3-ESS3-1) (4-ESS3-2)

• A variety of natural

humans use are derived
from natural sources,
and their use affects the
environment in multiple
ways. Some resources are
renewable over time, and
others are not. (4-ESS3-1)

• Energy and fuels that

• Living things need water, air,

and resources from the land,
and they live in places that
have the things they need.
Humans use natural resources
for everything they do.
(K-ESS3-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ESS3: EARTH AND HUMAN ACTIVITY

significantly altered the
biosphere, sometimes
damaging or destroying
natural habitats and causing
the extinction of other
species. But changes to
Earth’s environments can have
different impacts (negative and
positive) for different living
things. (MS-ESS3-3)

• Human activities have

hazards in a region, combined
with an understanding of
related geologic forces, can
help forecast the locations and
likelihoods of future events.
(MS-ESS3-2)

• Mapping the history of natural

land, ocean, atmosphere, and
biosphere for many different
resources. Minerals, fresh
water, and biosphere resources
are limited, and many are
not renewable or replaceable
over human lifetimes. These
resources are distributed
unevenly around the planet
as a result of past geologic
processes. (MS-ESS3-1)

• Humans depend on Earth’s

Middle Grades
(Grades 6–8)

societies and the biodiversity
that supports them requires
responsible management of
natural resources. (HS-ESS3-3)

• The sustainability of human

geologic events have shaped the
course of human history; [they]
have significantly altered the
sizes of human populations and
have driven human migrations.
(HS-ESS3-1)

• Natural hazards and other

the development of human
society. (HS-ESS3-1)
• All forms of energy production
and other resource extraction
have associated economic, social,
environmental, and geopolitical
costs and risks as well as
benefits. New technologies and
social regulations can change the
balance of these factors.
(HS-ESS3-2)

• Resource availability has guided

High School
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ESS3.D: Global

1602

ESS3.C: Human Impacts
on Earth Systems

Elementary School
(Grades 3–5)
blank

blank

Primary School
(Grades K–2)

blank

blank

ESS3: EARTH AND HUMAN ACTIVITY

of greenhouse gases from burning
fossil fuels, are major factors in the
current rise in Earth’s mean surface
temperature (global warming).
Reducing the level of climate change
and reducing human vulnerability to
whatever climate changes do occur
depend on the understanding of climate
science, engineering capabilities, and
other kinds of knowledge, such as
understanding human behavior and
on applying that knowledge wisely in
decisions and activities. (MS-ESS3-5)

• Human activities, such as the release

capita consumption of natural resources
increase, so do the negative impacts
on Earth unless the activities and
technologies involved are engineered
otherwise. (MS-ESS3-3) (MS-ESS3-4)

• Typically as human populations and per-

Middle Grades
(Grades 6–8)

human impacts are greater than
they have ever been, so too are
human abilities to model, predict,
and manage current and future
impacts. (HS-ESS3-5)
• Through computer simulations
and other studies, important
discoveries are still being made
about how the ocean, the
atmosphere, and the biosphere
interact and are modified in
response to human activities.
(HS-ESS3-6)

• Though the magnitudes of

make major contributions by
developing technologies that
produce less pollution and waste
and that reduce or preclude
ecosystem degradation.
(HS-ESS3-4)

• Scientists and engineers can
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2016 California Science Framework

PS1.A: Structure and Properties of Matter

Elementary School
(Grades 3–5)
• Matter of any type can be

subdivided into particles that are
too small to see, but even then
the matter still exists and can
be detected by other means.
A model shows that gases are
made from matter particles
that are too small to see and
are moving freely around in
space. This can explain many
observations, including the
inflation and shape of a balloon
and the effects of air on larger
particles or objects. (5-PS1-1)
• The amount (weight) of matter
is conserved when it changes
form, even in transitions in
which it seems to vanish.
(5-PS1-2)
• Measurements of a variety
of properties can be used to
identify materials. (Boundary:
At this grade level, mass and
weight are not distinguished,
and no attempt is made to
define the unseen particles
or explain the atomic-scale
mechanism of evaporation and
condensation.) (5-PS1-3)

Primary School
(Grades K–2)

• Different kinds of

matter exist and
many of them can
be either solid or
liquid, depending on
temperature. Matter
can be described
and classified by
its observable
properties. (2-PS1-1)
• Different properties
are suited to
different purposes.
(2-PS1-2) (2-PS1-3)
• A great variety of
objects can be built
up from a small set
of pieces. (2-PS1-3)

PS1: MATTER AND ITS INTERACTIONS

PHYSICAL SCIENCE

Appendix 1
•

•

•

•

•

types of atoms, which combine with
one another in various ways. Atoms
form molecules that range in size from
two to thousands of atoms. (MS-PS1-1)
Each pure substance has characteristic
physical and chemical properties
(for any bulk quantity under given
conditions) that can be used to identify
it. (MS-PS1-2) (MS-PS1-3)
Gases and liquids are made of
molecules or inert atoms that are
moving about relative to each other.
(MS-PS1-4)
In a liquid, the molecules are constantly
in contact with others; in a gas, they
are widely spaced except when they
happen to collide. In a solid, atoms
are closely spaced and may vibrate
in position but do not change relative
locations. (MS-PS1-4)
Solids may be formed from molecules,
or they may be extended structures
with repeating subunits (e.g., crystals).
(MS-PS1-1)
The changes of state that occur with
variations in temperature or pressure
can be described and predicted using
these models of matter. (MS-PS1-4)

• Substances are made from different

Middle Grades
(Grades 6–8)

substructure consisting of a
nucleus, which is made of protons and neutrons, surrounded
by electrons. (HS-PS1-1)
• The periodic table orders elements horizontally by the
number of protons in the atom’s
nucleus and places those with
similar chemical properties in
columns. The repeating patterns
of this table reflect patterns of
outer electron states. (HS-PS1-1)
(HS-PS1-2)
• The structure and interactions
of matter at the bulk scale are
determined by electrical forces
within and between atoms. (HSPS1-3) (secondary to HS-PS2-6)
• Stable forms of matter are
those in which the electric and
magnetic field energy is minimized. A stable molecule has
less energy than the same set
of atoms separated; one must
provide at least this energy
to break the molecule apart.
(HS-PS1-4)

• Each atom has a charged
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PS1.C: Nuclear

1604

PS1.B: Chemical Reactions

blank

blank

different substances are
mixed, a new substance
with different properties
may be formed.
(5-PS1-4)
• No matter what reaction
or change in properties
occurs, the total weight
of the substances does
not change. (Boundary:
Mass and weight are
not distinguished at this
grade level.) (5-PS1-2)

• When two or more

• Heating or cooling a

substance may cause
changes that can be
observed. Sometimes
these changes are
reversible, and
sometimes they are
not. (2-PS1-4)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

PS1: MATTER AND ITS INTERACTIONS

blank

in characteristic ways. In a
chemical process, the atoms
that make up the original
substances are regrouped
into different molecules, and
these new substances have
different properties from
those of the reactants.
(MS-PS1-2) (MS-PS1-3)
(MS-PS1-5)
• The total number of each
type of atom is conserved,
and thus the mass does not
change. (MS-PS1-5)
• Some chemical reactions
release energy, others store
energy. (MS-PS1-6)

• Substances react chemically

Middle Grades
(Grades 6–8)

and radioactive decays of unstable nuclei,
involve release or absorption of energy. The
total number of neutrons plus protons does not
change in any nuclear process. (HS-PS1-8)
• Spontaneous radioactive decays follow a
characteristic exponential decay law. Nuclear
lifetimes allow radiometric dating to be
used to determine the ages of rocks and
other materials. (secondary to HS-ESS1 5)
(secondary to HS ESS1-6)

• Nuclear processes, including fusion, fission,

or not energy is stored or released can be
understood in terms of the collisions of molecules and the rearrangements of atoms into
new molecules, with consequent changes in
the sum of all bond energies in the set of molecules that are matched by changes in kinetic
energy. (HS-PS1-4) (HS-PS1-5)
• In many situations, a dynamic and condition-dependent balance between a reaction
and the reverse reaction determines the
numbers of all types of molecules present.
(HS-PS1-6)
• The fact that atoms are conserved, together
with knowledge of the chemical properties of
the elements involved, can be used to describe
and predict chemical reactions.
(HS-PS1-2) (HS-PS1-7)

• Chemical processes, their rates, and whether
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PS2.A: Forces and Motions

Elementary School
(Grades 3–5)
• Each force acts on one particular

object and has both strength
and a direction. An object at
rest typically has multiple forces
acting on it, but they add to give
zero net force on the object.
Forces that do not sum to zero
can cause changes in the object’s
speed or direction of motion.
(Boundary: Qualitative and
conceptual, but not quantitative
addition of forces are used at this
level.) (3-PS2-1)
• The patterns of an object’s
motion in various situations can
be observed and measured;
when that past motion exhibits
a regular pattern, future
motion can be predicted from
it. (Boundary: Technical terms,
such as magnitude, velocity,
momentum, and vector quantity,
are not introduced at this level,
but the concept that some
quantities need both size and
direction to be described is
developed.) (3-PS2-2)

Primary School
(Grades K–2)

• Pushes and pulls can

have different strengths
and directions. (K-PS2-1)
(K-PS2-2)
• Pushing or pulling on an
object can change the
speed or direction of its
motion and can start or
stop it. (K-PS2-1)
(K-PS2-2)

PS2: MOTION AND STABILITY: FORCES AND INTERACTIONS

objects, the force exerted by the
first ob ect on the second ob ect
is equal in strength to the force
that the second object exerts
on the first, but in the opposite
direction (Newton’s third law).
(MS-PS2-1)
• The motion of an object is
determined by the sum of the
forces acting on it; if the total
force on the object is not zero,
its motion will change. The
greater the mass of the object,
the greater the force needed
to achieve the same change in
motion. For any given object,
a larger force causes a larger
change in motion. (MS-PS2-2)
• All positions of objects and
the directions of forces and
motions must be described in
an arbitrarily chosen reference
frame and arbitrarily chosen
units of size. In order to share
information with other people,
these choices must also be
shared. (MS-PS2-2)

• For any pair of interacting

Middle Grades
(Grades 6–8)

predicts changes in the motion of
macroscopic objects. (HS-PS2-1)
• Momentum is defined for a particular frame of reference; it is
the mass times the velocity of
the object. In any system, total
momentum is always conserved.
(HS-PS2-2)
• If a system interacts with objects
outside itself, the total momentum of the system can change;
however, any such change is
balanced by changes in the
momentum of objects outside the system. (HS-PS2-2)
(HS-PS2-3)

• Newton’s second law accurately
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(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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1605

1606

PS2.B: Types of Interactions

forces on each other.
(3-PS2-1)
• Electric and magnetic
forces between a pair of
objects do not require that
the objects be in contact.
The sizes of the forces
in each situation depend
on the properties of the
objects and their distances
apart and, for forces
between two magnets, on
their orientation relative to
each other. (3-PS2-3)
(3-PS2-4)
• The gravitational force of
Earth acting on an object
near Earth’s surface pulls
that object toward the
planet’s center. (5-PS2-1)

• Objects in contact exert

• When objects touch

or collide, they push
on one another and
can change motion.
(K-PS2-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

forces can be attractive or repulsive,
and their sizes depend on the
magnitudes of the charges, currents,
or magnetic strengths involved and on
the distances between the interacting
objects. (MS-PS2-3)
• Gravitational forces are always
attractive. There is a gravitational
force between any two masses, but it
is very small except when one or both
of the objects have large mass; e.g.,
Earth and the sun. (MS-PS2-4)
• Forces that act at a distance (electric
and magnetic) can be explained by
fields that extend through space and
can be mapped by their effect on a
test object (a ball, a charged object, or
a magnet, respectively). (MS-PS2-5)

• Electric and magnetic (electromagnetic)

Middle Grades
(Grades 6–8)

PS2: MOTION AND STABILITY: FORCES AND INTERACTIONS

and Coulomb’s law provide the
mathematical models to describe and
predict the effects of gravitational and
electrostatic forces between distant
objects. (HS-PS2-4)
• Forces at a distance are explained
by fields (gravitational, electric, and
magnetic) permeating space that
can transfer energy through space.
Magnets or electric currents cause
magnetic fields; electric charges or
changing magnetic fields cause electric
fields. (HS- S2- ) (HS- S2-5)
• Attraction and repulsion between
electric charges at the atomic scale
explain the structure, properties, and
transformations of matter, as well as
the contact forces between material
objects. (HS-PS2-6) (secondary to
HS-PS1-1) (secondary to HS-PS1-3)

• Newton’s law of universal gravitation

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Appendix 1

2016 California Science Framework

2016 California Science Framework

PS3.A: Definitions of Energy

energy; it is proportional to the mass of
the moving object and grows with the
square of its speed. (MS-PS3-1)
A system of objects may also contain
stored (potential) energy, depending
on the relative positions of the objects.
(MS-PS3-2)
Temperature is a measure of the
average kinetic energy of particles of
matter. The relationship between the
temperature and the total energy of a
system depends on the types, states,
and amounts of matter present.
(MS-PS3-3) (MS-PS3-4)
The term “heat” as used in everyday
language refers both to thermal motion
(the motion of atoms or molecules
within a substance) and radiation
(particularly infrared and light). In
science, heat is used only for this
second meaning; heat is the process
of the transfer of energy when two
objects or systems are at different
temperatures. (secondary to MS-PS1-4)
Temperature is not a measure of
energy; the relationship between the
temperature and the total energy
of a system depends on the types,
states, and amounts of matter present.
(secondary to MS-PS1-4)

moving, the more energy it
possesses. (4-PS3-1)
• Energy can be moved from
place to place by moving
objects or through sound,
light, or electric currents.
(4-PS3-2) (4-PS3-3)

Appendix 1
•

•

•

•

• Motion energy is properly called kinetic

• The faster a given object is

blank

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

PS3: ENERGY

energy stored in a battery or energy
transmitted by electric currents.
(secondary to HS-PS2-5)
• Energy is a quantitative property
of a system that depends on the
motion and interactions of matter
and radiation within that system.
That there is a single quantity called
energy is due to the fact that a
system’s total energy is conserved,
even as, within the system, energy
is continually transferred from one
object to another and between its
various possible forms. (HS-PS3-1)
(HS-PS3-2)
• At the macroscopic scale, energy
manifests itself in multiple ways,
such as in motion, sound, light,
and thermal energy. (HS-PS3-2)
(HS PS3-3)
• These relationships are better
understood at the microscopic
scale, at which all of the different
manifestations of energy can be
modeled as either motions of
particles or energy stored in fields
(which mediate interactions between
particles). This last concept includes
radiation, a phenomenon in which
energy stored in fields moves across
space. (HS-PS3-2)

• “Electrical energy” may mean

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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PS3.C: Relationship
Between Energy
and Forces

1608

PS3.B: Conservation of Energy and Energy Transfer

or pull makes
things go faster.
(secondary to
K-PS2-1)

• A bigger push

contact forces transfer energy
so as to change the objects’
motions. (4-PS3-3)

• When objects collide, the

there are moving objects, sound,
light, or heat. When objects
collide, energy can be transferred
from one object to another,
thereby changing their motion.
In such collisions, some energy
is typically also transferred to
the surrounding air; as a result,
the air gets heated and sound is
produced. (4-PS3-2) (4-PS3-3)
• Light also transfers energy from
place to place. (4-PS3-2)
• Energy can also be transferred
from place to place by electric
currents, which can then
be used locally to produce
motion, sound, heat, or light.
The currents may have been
produced to begin with by
transforming the energy of
motion into electrical energy.
(4-PS3-2) (4-PS3-4)

• Energy is present whenever

• Sunlight warms

Earth’s surface.
(K-PS3-1)
(K-PS3-2)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

PS3: ENERGY

interact, each one exerts
a force on the other that
can cause energy to be
transferred to or from
the object. (MS-PS3-2)

• When two objects

of an object changes,
there is inevitably some
other change in energy
at the same time.
(MS-PS3-5)
• The amount of energy
transfer needed to
change the temperature
of a matter sample
by a given amount
depends on the nature
of the matter, the size
of the sample, and the
environment. (MS-PS3-4)
• Energy is spontaneously
transferred out of hotter
regions or objects and
into colder ones.
(MS-PS3-3)

• When the motion energy

Middle Grades
(Grades 6–8)

•

•

•

•

•

hen two ob ects interacting through a field
change relative position, the energy stored in
the field is changed. (HS- S3-5)

change of energy in any system is always
equal to the total energy transferred into or
out of the system. (HS-PS3-1)
Energy cannot be created or destroyed, but it
can be transported from one place to another
and transferred between systems. (HS-PS3-1)
(HS-PS3-4)
Mathematical expressions, which quantify how
the stored energy in a system depends on its
configuration (e.g. relative positions of charged
particles, compression of a spring) and how
kinetic energy depends on mass and speed,
allow the concept of conservation of energy
to be used to predict and describe system
behavior. (HS-PS3-1)
The availability of energy limits what can occur
in any system. (HS-PS3-1)
Uncontrolled systems always evolve toward
more stable states; that is, toward more
uniform energy distribution (e.g., water flows
downhill, objects hotter than their surrounding
environment become cooler). (HS-PS3-4)

• Conservation of energy means that the total

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

2016 California Science Framework

Appendix 1

PS4.A: Wave Properties

2016 California Science Framework
• The chemical reaction by which

plants produce complex food
molecules (sugars) requires an
energy input (i.e., from sunlight)
to occur. In this reaction, carbon
dioxide and water combine to
form carbon- based organic
molecules and release oxygen.
(secondary to MS-LS1-6)
• Cellular respiration in plants
and animals involve chemical
reactions with oxygen that
release stored energy. In these
processes, complex molecules
containing carbon react with
oxygen to produce carbon
dioxide and other materials.
(secondary to MS-LS1-7)

• The expression “produce

energy” typically refers to the
conversion of stored energy into
a desired form for practical use.
(4-PS3-4)
• The energy released [from] food
was once energy from the sun
that was captured by plants
in the chemical process that
forms plant matter (from air and
water). (5-PS3-1)

blank

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

can be converted to less useful forms—
for example, to thermal energy in the
surrounding environment. (HS-PS3-3)
(HS-PS3-4)
• Solar cells are human-made devices that
capture the sun’s energy and produce
electrical energy. (secondary to HSPS4-5)
• The main way that solar energy is
captured and stored on Earth is through
the complex chemical process known as
photosynthesis. (secondary to HS-LS2-5)
• Nuclear fusion processes in the center
of the sun release the energy that
ultimately reaches Earth as radiation.
(secondary to HS-ESS1-1)

• Although energy cannot be destroyed, it

High School
(Grades 9–12)

matter vibrate,
and vibrating
matter can make
sound. (1-PS4-1)

• Sound can make

patterns of motion, can be
made in water by disturbing
the surface. When waves move
across the surface of deep
water, the water goes up and
down in place; it does not move
in the direction of the wave
except when the water meets
the beach. (Note: This grade
band endpoint was moved from
K–2.) (4-PS4-1)

• Waves, which are regular

pattern with a specific
wavelength, frequency, and
amplitude. (MS-PS4-1)
• A sound wave needs a medium
through which it is transmitted.
(MS-PS4-2)

• A simple wave has a repeating

wave are related to one another by
the speed of travel of the wave, which
depends on the type of wave and the
medium through which it is passing.
(HS-PS4-1)
• Information can be digitized (e.g., a
picture stored as the values of an array
of pixels); in this form, it can be stored
reliably in computer memory and sent
over long distances as a series of wave
pulses. (HS-PS4-2) (HSPS4-5)

• The wavelength and frequency of a

PS4: WAVES AND THEIR APPLICATIONS IN TECHNOLOGIES FOR INFORMATION TRANSFER

PS3.D: Energy in Chemical Processes
and Everyday Life

PS3: ENERGY

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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Appendix 1

PS4.B: Electromagnetic
Radiation

1610

PS4.A: Wave Properties

seen only when
light is available
to illuminate
them. Some
objects give off
their own light.
(1-PS4-2)

• Objects can be

• Waves of the same type

blank

when light reflected from
its surface enters the
eyes. (4-PS4-2)

• An object can be seen

can differ in amplitude
(height of the wave) and
wavelength (spacing
between wave peaks).
(4-PS4-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

reflected, absorbed, or transmitted
through the object, depending on the
object’s material and the frequency
(color) of the light. (MS-PS4-2)
• The path that light travels can be traced
as straight lines, except at surfaces
between different transparent materials
(e.g., air and water, air and glass)
where the light path bends. (MS-PS4-2)

• When light shines on an object, it is

• [From the 3–5 grade band endpoints]

blank

microwaves, light) can be modeled as a
wave of changing electric and magnetic
fields or as particles called photons.
The wave model is useful for explaining
many features of electromagnetic
radiation, and the particle model
explains other features. (HS-PS4-3)

• Electromagnetic radiation (e.g., radio,

Waves can add or cancel one another
as they cross, depending on their
relative phase (i.e., relative position of
peaks and troughs of the waves), but
they emerge unaffected by each other.
(Boundary: The discussion at this grade
level is qualitative only; it can be based
on the fact that two different sounds can
pass a location in different directions
without getting mixed up.) (HS-PS4-3)
• Geologists use seismic waves and their
reflection at interfaces between layers
to probe structures deep in the planet.
(secondary to HS-ESS2-3)

High School
(Grades 9–12)

Middle Grades
(Grades 6–8)

PS4: WAVES AND THEIR APPLICATIONS IN TECHNOLOGIES FOR INFORMATION TRANSFER

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

2016 California Science Framework

2016 California Science Framework

Appendix 1

PS4.C: Information
Technologies and
Instrumentation

PS4.B: Electromagnetic Radiation

variety of devices to
communicate (send and
receive information) over
long distances. (1-PS4-4)

• People also use a

can be transmitted over
long distances without
significant degradation.
High-tech devices, such
as computers or cell
phones, can receive and
decode information—
convert it from digitized
form to voice—and vice
versa. (4-PS4-3)

• Digitized information

pulses) are a more reliable
way to encode and transmit
information. (MS-PS4-3)

• Digitized signals (sent as wave

for explaining brightness,
color, and the frequencydependent bending of light
at a surface between media.
(MS-PS4-2)
• However, because light can
travel through space, it cannot
be a matter wave, like sound
or water waves. (MS-PS4-2)

• A wave model of light is useful

blank

• Some materials allow light

to pass through them,
others allow only some
light through and others
block all the light and
create a dark shadow
on any surface beyond
them, where the light
cannot reach. Mirrors
can be used to redirect a
light beam. (Boundary:
The idea that light travels
from place to place
is developed through
experiences with light
sources, mirrors, and
shadows, but no attempt
is made to discuss the
speed of light.) (1-PS4-3)

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

PS4: WAVES AND THEIR APPLICATIONS IN TECHNOLOGIES FOR INFORMATION TRANSFER

understanding of waves and their
interactions with matter are part
of everyday experiences in the
modern world (e.g., medical imaging,
communications, scanners) and in
scientific research. They are essential
tools for producing, transmitting, and
capturing signals and for storing and
interpreting the information contained
in them. (HS-PS4-5)

• Multiple technologies based on the

electromagnetic radiation is absorbed
in matter, it is generally converted
into thermal energy (heat). Shorter
wavelength electromagnetic radiation
(ultraviolet, X-rays, gamma rays) can
ionize atoms and cause damage to
living cells.(HS-PS4-4)
• Photovoltaic materials emit electrons
when they absorb light of a highenough frequency. (HS-PS4-5)
• Atoms of each element emit and
absorb characteristic frequencies
of light. These characteristics allow
identification of the presence of
an element, even in microscopic
quantities. (secondary to HS-ESS1-2)

• When light or longer wavelength

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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ETS1.A: Defining and Delimiting
an Engineering Problem

ETS1.B: Developing
Possible Solutions

1612

through sketches, drawings,
or physical models. These
representations are useful
in communicating ideas for
a problem’s solutions to
other people. (K-2-ETS1-1)
(secondary to K-ESS3-3)
(secondary to 2-LS2-2)

• Designs can be conveyed

should be carried out
before beginning to
design a solution. Testing
a solution involves
investigating how well it
performs under a range
of likely conditions.
(3-5-ETS1-2)

• Research on a problem

problem are limited by
available materials and
resources (constraints).
The success of a designed
solution is determined by
considering the desired
features of a solution
(criteria). Different
proposals for solutions
can be compared on the
basis of how well each one
meets the specified criteria
for success or how well
each takes the constraints
into account. (3-5-ETS1-1)
(secondary to 4-PS3-4)

• Possible solutions to a

• A situation that people want

to change or create can be
approached as a problem to
be solved through engineering.
Such problems may have many
acceptable solutions. (K-2ETS1-1) (secondary to KPS2-2)
• Asking questions, making
observations, and gathering
information are helpful in
thinking about problems.
(K-2-ETS1-1) (secondary to
K-ESS3-2)
• Before beginning to design
a solution, it is important
to clearly understand the
problem. (K-2-ETS1-1)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ETS1: ENGINEERING DESIGN

be tested, and then
modified on the basis of
the test results, in order
to improve it.
(MS-ETS1-4) (secondary
to MS-PS1-6)

• A solution needs to

design task’s criteria
and constraints can
be defined, the more
likely it is that the
designed solution will be
successful. Specification
of constraints includes
consideration of
scientific principles
and other relevant
knowledge that is
likely to limit possible
solutions. (MS-ETS1-1)
(secondary to MS-PS3-3)

• The more precisely a

Middle Grades
(Grades 6–8)

ENGINEERING, TECHNOLOGY, AND THE APPLICATION OF SCIENCE

important to take into account a
range of constraints including cost,
safety, reliability and aesthetics
and to consider social, cultural and
environmental impacts. (secondary to
HS-LS2-7) (secondary to HS-LS4-6)
(secondary to HS-ESS3-2) (secondary
HS-ESS3-4) (HS-ETS1-3)

• When evaluating solutions it is

satisfying any requirements set by
society, such as taking issues of risk
mitigation into account, and they
should be quantified to the extent
possible and stated in such a way that
one can tell if a given design meets
them. (HS-ETS1-1) (secondary to HSPS2-3) (secondary to HS-PS3-3)
• Humanity faces major global challenges
today, such as the need for supplies
of clean water and food or for energy
sources that minimize pollution, which
can be addressed through engineering.
These global challenges also may have
manifestations in local communities.
(HS-ETS1-1)

• Criteria and constraints also include

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

2016 California Science Framework

2016 California Science Framework

Appendix 1

ETS1.C: Optimizing the Design
Solutions

ETS1.B: Developing Possible
Solutions

always more than
one possible solution
to a problem, it is
useful to compare
and test designs.
(K-2-ETS1-1)
(secondary to
2-ESS2-1)

tested in order to determine
which of them best solves the
problem, given the criteria and
the constraints. (3-5-ETS1-3)
(secondary to 4-PS4-3)

• Different solutions need to be

the best across all tests, identifying
the characteristics of the design that
performed the best in each test can
provide useful information for the
redesign process; that is, some of the
characteristics may be incorporated
into the new design. (MS-ETS1-3
(secondary to MS-PS1-6)
• The iterative process of testing the
most promising solutions and modifying
what is proposed on the basis of the
test results leads to greater refinement
and ultimately to an optimal solution.
(MSETS1-4) (secondary to MS-PS1-6)

• Although one design may not perform

evaluating solutions with respect
to how well they meet criteria and
constraints of a problem. MS-ETS1-2)
(MS-ETS1-3) (secondary to MS-PS3-3)
(secondary to MS-LS2-5)
• Sometimes parts of different solutions
can be combined to create a
solution that is better than any of its
predecessors. (MS-ETS1-3)
• Models of all kinds are important for
testing solutions. (MS-ETS1-4)

ing with peers about proposed
solutions is an important part of
the design process, and shared
ideas can lead to improved
designs. (3-5-ETS1-2)
• Tests are often designed to
identify failure points or difficulties, which suggest the elements
of the design that need to be
improved. (3-5-ETS1-3)
• Testing a solution involves investigating how well it performs
under a range of likely conditions. (secondary to 4-ESS3-2)

• Because there is

• There are systematic processes for

• At whatever stage, communicat-

blank

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

ETS1: ENGINEERING DESIGN

broken down into simpler
ones that can be approached
systematically, and decisions
about the priority of certain
criteria over others (tradeoffs)
may be needed. (HS-ETS1-2)
(secondary to HS-PS1-6)
(secondary to HS-PS2-3)

• Criteria may need to be

computers can be used in
various ways to aid in the
engineering design process.
Computers are useful for a
variety of purposes, such as
running simulations to test
different ways of solving a
problem or to see which one is
most efficient or economical;
and in making a persuasive
presentation to a client about
how a given design will meet
his or her needs. (HS-ETS1-4)
(secondary to HS-LS4-6)

• Both physical models and

High School
(Grades 9–12)

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve
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1614
Students observe patterns in systems at
different scales and cite patterns as empirical
evidence for causality in supporting their
explanations of phenomena. They recognize
classifications or explanations used at one
scale may not be useful or may need revision
using a different scale; thus requiring
improved investigations and experiments.
They use mathematical representations to
identify certain patterns and analyze patterns
of performance in order to reengineer and
improve a designed system.

Students recognize that
macroscopic patterns are related
to the nature of microscopic
and atomic-level structure.
They identify patterns in rates
of change and other numerical
relationships that provide
information about natural and
human-designed systems. They
use patterns to identify cause
and effect relationships, and use
graphs and charts to identify
patterns in data.

Students identify
similarities and
differences to sort and
classify natural objects
and designed products.
They identify patterns
related to time, including
simple rates of change
and cycles, and use
these patterns to make
predictions.

Students recognize that
patterns in the natural
and human-designed
world can be observed,
used to describe
phenomena, and used as
evidence.

Appendix 1

Students learn that
events have causes that
generate observable patterns. They design simple
tests to gather evidence
to support or refute their
own ideas about causes.

Students routinely
identify and test causal
relationships and use
these relationships to
explain change. They
understand events that
occur together with
regularity might or might
not signify a cause and
effect relationship.

Students classify relationships as
causal or correlational, and recognize that correlation does not
necessarily imply causation. They
use cause and effect relationships
to predict phenomena in natural or designed systems. They
also understand that phenomena
may have more than one cause,
and some cause and effect relationships in systems can only be
described using probability.

Students understand that empirical evidence is required to differentiate between
cause and correlation and to make claims
about specific causes and effects. They
suggest cause and effect relationships
to explain and predict behaviors in complex natural and designed systems. They
also propose causal relationships by examining what is known about smaller scale
mechanisms within the system. They recognize changes in systems may have various
causes that may not have equal effects.

Events have causes, sometimes simple, sometimes multifaceted. A major activity of science is investigating and explaining causal relationships and the mechanisms by which they are mediated. Such mechanisms can then be tested across given contexts and used to predict
and explain events in new contexts.

2. CAUSE AND EFFECT: MECHANISM AND EXPLANATION.

High School
(Grades 9–12)

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

Observed patterns of forms and events guide organization and classification, and they prompt questions about relationships
and the factors that influence them.

1. PATTERNS.

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

Progression of Crosscutting Concepts in Grades K–12
Adapted from the NGSS Appendix G by the California Science Project.

2016 California Science Framework

2016 California Science Framework
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Students understand the significance of a phenomenon is dependent on the scale, proportion,
and quantity at which it occurs. They recognize patterns observable at one scale may not be
observable or exist at other scales, and some systems can only be studied indirectly as they are too
small, too large, too fast, or too slow to observe
directly. Students use orders of magnitude to
understand how a model at one scale relates
to a model at another scale. They use algebraic
thinking to examine scientific data and predict
the effect of a change in one variable on another
(e.g., linear growth versus exponential growth).

Students observe time, space, and energy
phenomena at various scales using models
to study systems that are too large or too
small to observe directly. They understand
phenomena observed at one scale may
not be observable at another scale, and
the function of natural and designed
systems may change with scale. They use
proportional relationships (e.g., speed as
the ratio of distance traveled to time taken)
to gather information about the magnitude
of properties and processes. They represent
scientific relationships through the use of
algebraic expressions and equations.

Students recognize
natural objects
and observable
phenomena exist from
the very small to the
immensely large. They
use standard units to
measure and describe
physical quantities
such as weight, time,
temperature, and
volume.

Students use relative
scales (e.g., bigger
and smaller; hotter
and colder; faster
and slower) to
describe objects.
They use standard
units to measure
length.

Students understand
objects and
organisms can be
described in terms
of their parts; and
systems in the
natural and designed
world have parts that
work together.

Students understand
that a system is a
group of related parts
that make up a whole
that can carry out
functions its individual
parts cannot. They
can also describe a
system in terms of its
components and their
interactions.

Students can understand that systems may
interact with other systems; they may have
sub-systems and be a part of larger complex systems. They can use models to
represent systems and their interactions—
such as inputs, processes and outputs—and
energy, matter, and information flows within
systems. They can also learn that models
are limited in that they only represent certain aspects of the system under study.

Students can investigate or analyze a system
by defining its boundaries and initial conditions,
as well as its inputs and outputs. They can use
models (e.g., physical, mathematical, computer
models) to simulate the flow of energy, matter,
and interactions within and between systems at
different scales. They can also use models and
simulations to predict the behavior of a system,
and recognize that these predictions have limited
precision and reliability due to the assumptions
and approximations inherent in the models. They
can also design systems to do specific tasks.

Defining the system under study—specifying its boundaries and making explicit a model of that system—provides tools for understanding and testing ideas that are applicable throughout science and engineering.

4. SYSTEMS AND SYSTEM MODELS.

High School
(Grades 9–12)

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

In considering phenomena, it is critical to recognize what is relevant at different measures of size, time, and energy and to recognize how changes
in scale, proportion, or quantity affect a system’s structure or performance.

3. SCALE, PROPORTION, AND QUANTITY.

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

1615

1616
Students learn that the total amount of
energy and matter in closed systems is
conserved. They can describe changes of
energy and matter in a system in terms of
energy and matter flows into, out of, and
within that system. They also learn that
energy cannot be created or destroyed. It
only moves between one place and another
place, between objects and/or fields, or
between systems. Energy drives the cycling
of matter within and between systems.
In nuclear processes, atoms are not
conserved, but the total number of protons
plus neutrons is conserved.

Students learn matter is conserved
because atoms are conserved in physical and chemical processes. They
also learn within a natural or designed
system, the transfer of energy drives
the motion and/or cycling of matter. Energy may take different forms
(e.g. energy in fields, thermal energy,
energy of motion). The transfer of
energy can be tracked as energy flows
through a designed or natural system.

Students learn matter is
made of particles, and
energy can be transferred
in various ways and
between objects. Students
observe the conservation of
matter by tracking matter
flows and cycles before
and after processes and
recognizing the total weight
of substances does not
change.

Students observe that
objects may break into
smaller pieces, be put
together into larger pieces,
or change shapes.
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Students observe that
the shape and stability
of structures of natural
and designed objects are
related to their function(s).

Students learn different
materials have different
substructures, which can
sometimes be observed;
and substructures have
shapes and parts that serve
functions.

Students model complex and microscopic structures and systems and
visualize how their function depends
on the shapes, composition, and
relationships among its parts. They
analyze many complex natural and
designed structures and systems to
determine how they function. They
design structures to serve particular
functions by taking into account properties of different materials, and how
materials can be shaped and used.

Students investigate systems by examining
the properties of different materials,
the structures of different components,
and their interconnections to reveal the
system’s function and/or solve problems.
They infer the functions and properties of
natural and designed objects and systems
from their overall structure, the way their
components are shaped and used, and the
molecular substructures of their various
materials.

The way in which an object or living thing is shaped and its substructure determine many of its properties and functions.

6. STRUCTURE AND FUNCTION.

High School
(Grades 9–12)

Middle Grades
(Grades 6–8)

Elementary School
(Grades 3–5)

Primary School
(Grades K–2)

Tracking fluxes of energy and matter into, out of, and within systems helps one understand the systems’ possibilities and limitations.

5. ENERGY AND MATTER: FLOW, CYCLES, AND CONSERVATION.

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

2016 California Science Framework

High School
(Grades 9–12)
Students understand much of science deals
with constructing explanations of how things
change and how they remain stable. They
quantify and model changes in systems
over very short or very long periods of time.
They see some changes are irreversible, and
negative feedback can stabilize a system,
while positive feedback can destabilize it.
They recognize systems can be designed for
greater or lesser stability.

Middle Grades
(Grades 6–8)
Students explain stability and change in
natural or designed systems by examining changes over time, and considering
forces at different scales, including the
atomic scale. Students learn changes in
one part of a system might cause large
changes in another part, systems in
dynamic equilibrium are stable due to a
balance of feedback mechanisms, and
stability might be disturbed by either
sudden events or gradual changes that
accumulate over time.

Elementary School
(Grades 3–5)
Students measure
change in terms of differences over time, and
observe that change may
occur at different rates.
Students learn some
systems appear stable,
but over long periods of
time they will eventually
change.

Primary School
(Grades K–2)

Students observe some
things stay the same
while other things
change, and things may
change slowly or rapidly.

For natural and built systems alike, conditions of stability and determinants of rates of change or evolution of a system are critical elements
of study.

7. STABILITY AND CHANGE.

Progression of SEPs, DCIs, and CCCs in Kindergarten through Grade Twelve

2016 California Science Framework
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Students should be developing an
understanding that:
Principle I Concept a: The goods
produced by natural systems are
essential to human life and to the
functioning of our economies and
cultures.
Principle II Concept a: Direct and
indirect changes to natural systems due
to the growth of human populations
and their consumption rates influence
the geographic extent, composition,
biological diversity, and viability of natural
systems.

Patterns
• Patterns in the natural and designed
worlds can be observed and used as
evidence. (K-LS1-1)

Scientific Knowledge is Based on
Empirical Evidence
• Scientists look for patterns and order
when observing the world. (K-LS1-1)

Connections to Nature of Science

Analyzing and Interpreting Data
• Use observations (firsthand or from
media) to describe patterns in the
natural world to answer scientific
questions. (K-LS1-1)

Science and Engineering Practices

Environmental Principles
and Concept(s)

As students learn that:
LS1.C: Organization for Matter
and Energy Flow in Organisms
All animals need food in order to live
and grow; they obtain their food from
plants or from other animals; and plants
need water and light to live and grow.
(K-LS1-1)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Crosscutting Concepts

Principle I The continuation and health
of individual human lives and of human
communities and societies depend on the
health of the natural systems that provide
essential goods and ecosystem services.
Principle II The long-term functioning
and health of terrestrial, freshwater,
coastal and marine ecosystems are
influenced by their relationships with
human societies.

K-LS1-1: Use
observations to
describe patterns
of what plants and
animals (including
humans) need to
survive. [Clarification

Statement: Examples
of patterns could
include that animals
need to take in food
but plants do not; the
different kinds of food
needed by different
types of animals; the
requirement of plants
to have light; and, that
all living things need
water.]

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

K-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

A Day In My Life

The World Around Me

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Kindergarten

APPENDIX
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Engaging in Argument from Evidence
• Construct an argument with evidence to
support a claim. (K-ESS2-2)

Science and Engineering Practices

Patterns
• Patterns in the natural world can be
observed, used to describe phenomena,
and used as evidence. (K-ESS2-1)
Systems and System Models
• Systems in the natural and designed
worlds have parts that work together.
(K-ESS2-2)

Crosscutting Concepts

Principle I The continuation and health
of individual human lives and of human
communities and societies depend on the
health of the natural systems that provide
essential goods and ecosystem services.
Principle II The long-term functioning
and health of terrestrial, freshwater, coastal
and marine ecosystems are influenced by
their relationships with human societies.

K-ESS2-2: Construct
an argument supported
by evidence for how
plants and animals
(including humans) can
change the environment
to meet their needs.

[Clarification Statement:
Examples of plants and
animals changing their
environment could
include a squirrel digs
in the ground to hide its
food and tree roots can
break concrete.]

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

K-ESS2 EARTH’S SYSTEMS

Students should be developing an
understanding that:
Principle I Concept c: The quality,
quantity and reliability of the goods and
ecosystem services provided by natural
systems are directly affected by the health
of those systems. (ESS2.E)
Principle II Concept a: Direct and
indirect changes to natural systems due to
the growth of human populations and their
consumption rates influence the geographic
extent, composition, biological diversity,
and viability of natural systems. (ESS3.C)

Environmental Principles and Concept(s)

As students learn that:
ESS2.E: Biogeology Plants and animals
can change their environment. (K-ESS2-2)
Secondary DCI(s)
ESS3.C: Human Impacts on Earth
Systems Things people do to live
comfortably can affect the world around
them, but they can make choices that
reduce their impacts on the land, water,
air, and other living things. (secondary to
K-ESS2-2)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

A Day In My Life

The World Around Me

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework
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[Clarification Statement:
Examples of human
impact on the land could
include cutting trees
to produce paper and
using resources to produce bottles. Examples
of solutions could include
reusing paper and recycling cans and bottles.]

K-ESS3-3: Communicate
solutions that will reduce
the impact of humans on
the land, water, air, and/
or other living things in
the local environment.*
Developing and Using Models
• Use a model to represent relationships in the natural world. (K-ESS3-1)
Obtaining, Evaluating, and
Communicating Information
• Communicate solutions with others
in oral and/or written forms using
models and/or drawings that
provide detail about scientific ideas.
(K-ESS3-3)

Science and Engineering Practices

Cause and Effect
• Events have causes that generate
observable patterns. (K-ESS3-3)
Systems and System Models
• Systems in the natural and designed
worlds have parts that work
together. (K-ESS3-1)

Crosscutting Concepts

Students should be developing an understanding
that:
Principle I Concept c: The quality, quantity and
reliability of the goods and ecosystem services
provided by natural systems are directly affected by
the health of those systems. (ESS3.A)
Principle II Concept a: Direct and indirect
changes to natural systems due to the growth of
human populations and their consumption rates
influence the geographic extent, composition,
biological diversity, and viability of natural systems.
(ESS3.C)

Environmental Principles and Concept(s)

A Day In My Life

As students learn that:
ESS3.A: Natural Resources Humans use
natural resources for everything they do. (K-ESS3-1)
ESS3.C: Human Impacts on Earth Systems
Things people do to live comfortably can affect the
world around them. (K-ESS3-3)
Secondary DCI(s)
ETS1.A: Defining and Delimiting an
Engineering Asking questions, making observations, and gathering information are helpful in
thinking about problems. (secondary to K-ESS3-2)
ETS1.B: Developing Possible Solutions Designs
can be conveyed through sketches, drawings, or
physical models. These representations are useful
in communicating ideas for a problem’s solutions
to other people. (secondary to K-ESS3-3)

[Clarification Statement:
Examples of relationships could include that
deer eat buds and leaves,
therefore, they usually
live in forested areas;
and, grasses need sunlight so they often grow
in meadows. Plants,
animals, and their surroundings make up a
system.]

The World Around Me

Disciplinary Core Ideas

Principle I The continuation and
health of individual human lives and
of human communities and societies
depend on the health of the natural
systems that provide essential goods
and ecosystem services.
Principle II The long-term
functioning and health of terrestrial,
freshwater, coastal and marine
ecosystems are influenced by their
relationships with human societies.

K-ESS3-1: Use a model
to represent the relationship between the needs
of different plants or animals (including humans)
and the places they live.

Relevant EEI Units
that can Support
NGSS Instruction

Clarifications and Connections Between
DCIs and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

K-ESS3 EARTH AND HUMAN ACTIVITY

Connections to Environmental Principles and Concepts

1621
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Asking Questions and Defining
Problems
• Ask questions based on observations
to find more information about the
natural and/or designed world(s).
(K–2-ETS1-1)
• Define a simple problem that can be
solved through the development of a
new or improved object or tool.
(K–2-ETS1-1)

Science and Engineering Practices

None identified

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting
resources and natural systems
are based on a wide range of
considerations and decision-making
processes.

K–2-ETS1-1: Ask
questions, make
observations, and gather
information about a
situation people want to
change to define a simple
problem that can be solved
through the development
of a new or improved
object or tool.

Appendix 2

Students should be developing an understanding that:
Principle V Concept c: The spectrum of
what is considered in making decisions about
resources and natural systems and how those
factors influence decisions.

Environmental Principles and Concept(s)

As students learn that:
ETS1.A: Defining and Delimiting
Engineering Problems A situation people
want to change or create can be approached
as a problem to be solved through
engineering. (K–2-ETS1-1)
ETS1.A: Asking questions, making
observations, and gathering information
are helpful in thinking about problems.
(K–2-ETS1-1)
Secondary DCI(s)
ETS1.A: Before beginning to design a
solution, it is important to clearly understand
the problem. (K–2-ETS1-1)

Clarifications and Connections Between
DCIs and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

K–2-ETS1 ENGINEERING DESIGN

A Day In My Life

The World Around Me

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

2016 California Science Framework

Statement: Examples of
human problems that can be
solved by mimicking plant
or animal solutions could
include designing clothing
or equipment to protect
bicyclists by mimicking turtle
shells, acorn shells, and
animal scales; stabilizing
structures by mimicking
animal tails and roots on
plants; keeping out intruders
by mimicking thorns on
branches and animal quills;
and, detecting intruders by
mimicking eyes and ears.]

Principle II The long-term functioning
and health of terrestrial, freshwater,
coastal and marine ecosystems are
influenced by their relationships with
human societies.

1-LS1-1: Use materials
to design a solution to
a human problem by
mimicking how plants
and/or animals use their
external parts to help them
survive, grow, and meet
their needs.* [Clarification

2016 California Science Framework
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Influence of Engineering,
Technology, and Science on Society
and the Natural World
• Every human-made product is designed
by applying some knowledge of the
natural world and is built by using
natural materials. (1-LS1-1)

Connections to Engineering,
Technology, and Applications
of Science

Patterns
• Patterns in the natural world can be
observed, used to describe phenomena,
and used as evidence. (1-LS1-2)
Structure and Function
• The shape and stability of structures of
natural and designed objects are related
to their function(s). (1-LS1-1)

Crosscutting Concepts

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

Students should be developing an
understanding that:
Principle II Concept a: That
direct and indirect changes to
natural systems due to the growth
of human populations and their
consumption rates influence the
geographic extent, composition,
biological diversity, and viability of
natural systems.

Environmental Principles and
Concept(s)

As students learn that:
LS1.A: Structure and Function
All organisms have external parts.
Different animals use their body
parts in different ways to see, hear,
grasp objects, protect themselves,
move from place to place, and
seek, find, and take in food, water
and air. Plants also have different
parts (roots, stems, leaves,
flowers, fruits) that help them
survive and grow. (1-LS1-1)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

1-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

Open Wide! Look
Inside!

Finding Shelter

Surviving and Thriving

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grade One
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[Clarification Statement:
Examples of patterns of
behaviors could include the
signals that offspring make
(such as crying, cheeping,
and other vocalizations)
and the responses of the
parents (such as feeding,
comforting, and protecting
the offspring).]

1-LS1-2: Read texts and
use media to determine
patterns in behavior of
parents and offspring that
help offspring survive.
blank

Constructing Explanations and
Designing Solutions
• Use materials to design a device that
solves a specific problem or a solution to
a specific problem. (1-LS1-1)
Obtaining, Evaluating, and
Communicating Information
• Read grade-appropriate texts and use
media to obtain scientific information to
determine patterns in the natural world.
(1-LS1-2)
Scientific Knowledge is Based on
Empirical Evidence
• Scientists look for patterns and order
when making observations about the
world. (1-LS1-2)

Connections to Nature of Science

blank

Science and Engineering Practices

1-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

blank

blank

Connections to Environmental Principles and Concepts

Appendix 2
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Asking Questions and Defining
Problems
• Ask questions based on observations to find
more information about the natural and/or
designed world(s). (K–2-ETS1-1)
• Define a simple problem that can be solved
through the development of a new or
improved object or tool. (K–2-ETS1-1)

Science and Engineering Practices

Structure and Functionb
• The shape and stability of structures of
natural and designed objects are related to
their function(s). (K–2-ETS1-2)

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting resources
and natural systems are based on a wide
range of considerations and decision-making
processes.

K–2-ETS1-1: Ask
questions, make
observations, and gather
information about a
situation people want to
change to define a simple
problem that can be solved
through the development
of a new or improved
object or tool.
Students should be developing an
understanding that:
Principle V Concept a: The
spectrum of what is considered in
making decisions about resources and
natural systems and how those factors
influence decisions.

Environmental Principles and
Concept(s)

As students learn that:
ETS1.A: Defining and Delimiting
Engineering Problems Asking
questions, making observations, and
gathering information are helpful in
thinking about problems. (K–2-ETS1-1)

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

K–2-ETS1 ENGINEERING DESIGN

Open Wide! Look
Inside!

Finding Shelter

Surviving and Thriving

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appendix 2
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2-LS2-2: Develop
a simple model that
mimics the function of
an animal in dispersing
seeds or pollinating
plants.*

Boundary: Assessment
is limited to testing one
variable at a time.]

Appendix 2
evidence to represent a proposed
object or tool. (2-LS2-2)
Planning and Carrying Out
Investigations
• Plan and conduct an investigation
collaboratively to produce data to
serve as the basis for evidence to
answer a question. (2-LS2-1)

• Develop a simple model based on

Developing and Using Models

Science and Engineering Practices

Cause and Effect
• Events have causes that generate
observable patterns. (2-LS2-1)
Structure and Function
• The shape and stability of structures
of natural and designed objects are
related to their function(s). (2-LS2-2)

Crosscutting Concepts

Disciplinary Core Ideas

Principle II The long-term functioning and health of terrestrial, freshwater,
coastal and marine ecosystems are
influenced by their relationships with
human societies.
Principle V Decisions affecting
resources and natural systems are
based on a wide range of considerations and decision-making processes.

2-LS2-1: Plan and
conduct an investigation
to determine if plants
need sunlight and water
to grow. [Assessment

Students should be developing an
understanding that:
Principle II Concept a: Direct and
indirect changes to natural systems due
to the growth of human populations and
their consumption rates influence the
geographic extent, composition, biological
diversity, and viability of natural systems.
Principle V Concept a: The spectrum
of what is considered in making decisions
about resources and natural systems and
how those factors influence decisions.

Environmental Principles and
Concept(s)

As students learn that:
LS2.A: Interdependent Relationships
in Ecosystems Plants depend on water
and light to grow. (2-LS2-1)
LS2.A: Plants depend on animals for
pollination or to move their seeds around.
(2-LS2-2)
Secondary DCI(s)
ETS1.B: Developing Possible Solutions Designs can be conveyed through
sketches, drawings, or physical models.
These representations are useful in communicating ideas for a problem’s solutions
to other people. (secondary to 2-LS2-2) b

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

2-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

Flowering Plants in Our
Changing Environment

Cycle of Life

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grade Two
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Students should be developing an
understanding that:
Principle II Concept a: Direct
and indirect changes to natural
systems due to the growth of
human populations and their
consumption rates influence the
geographic extent, composition,
biological diversity, and viability of
natural systems.

Planning and Carrying Out
Investigations
• Make observations (firsthand or from media)
to collect data that can be used to make
comparisons. (2-LS4-1)
Scientific Knowledge is Based on
Empirical Evidence
• Scientists look for patterns and order when
making observations about the world.
(2-LS4-1)

Connections to Nature of Science

Environmental Principles and
Concept(s)

As students learn that:
LS4.D: Biodiversity and
Humans There are many different
kinds of living things in any area,
and they exist in different places
on land and in water. (2-LS4-1)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Science and Engineering Practices

Cause and Effect
• Events have causes that generate observable
patterns. (2-LS2-1)
Systems and System Models
• Systems in the natural and designed world
have parts that work together. (K-ESS2-2)

Crosscutting Concepts

Principle II The long-term functioning and
health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their
relationships with human societies.

2-LS4-1: Make observations
of plants and animals to
compare the diversity of life in
different habitats [Clarification

Statement: Emphasis is on
the diversity of living things in
each of a variety of different
habitats.] [Assessment
Boundary: Assessment does
not include specific animal
and plant names in specific
habitats.]

Connections Between EP&Cs, CCCs,
and SEPs

Performance Expectations

2-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

Surviving and Thriving

Alike and Different

Flowering Plants in Our
Changing Environment

Cycle of Life

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Environmental Principles and
Concept(s)

Students should be developing an
understanding that:
Principle V Concept a: The spectrum
of what is considered in making
decisions about resources and natural
systems and how those factors influence
decisions.

Science and Engineering Practices

Asking Questions and Defining
Problems
• Ask questions based on observations to find
more information about the natural and/or
designed world(s). (K–2-ETS1-1)
• Define a simple problem that can be solved
through the development of a new or
improved object or tool. (K–2-ETS1-1)

Cause and Effect
• Events have causes that generate
observable patterns. (2-LS2-1)
Structure and Functionb
• The shape and stability of structures of
natural and designed objects are related to
their function(s). (K–2-ETS1-2)

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting resources
and natural systems are based on a wide
range of considerations and decision-making
processes.

K–2-ETS1-1: Ask
questions, make
observations, and gather
information about a
situation people want
to change to define a
simple problem that can
be solved through the
development of a new or
improved object or tool.
As students learn that:
ETS1.A: Defining and Delimiting
Engineering Problems Asking
questions, making observations, and
gathering information are helpful in
thinking about problems. (K–2-ETS1-1)
ETS1.A: Defining and Delimiting
Engineering Problems Before
beginning to design a solution it is
important to clearly understand the
problem. (K–2-ETS1-1)

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

K–2-ETS1 ENGINEERING DESIGN

The Earth Rocks

Flowering Plants in Our
Changing Environment

Cycle of Life

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appendix 2
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Statement: Changes
organisms go through
during their life form a
pattern.] [Assessment
Boundary: Assessment of
plant life cycles is limited
to those of flowering
plants. Assessment does
not include details of
human reproduction.]

Principle III Natural systems
proceed through cycles that humans
depend upon, benefit from, and can
alter.

3-LS1-1: Develop
models to describe that
organisms have unique
and diverse life cycles but
all have in common birth,
growth, reproduction, and
death. [Clarification
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Scientific Knowledge is Based
on Empirical Evidence
• Science findings are based on
recognizing patterns. (3-LS1-1)

Connections to Nature of
Science

Developing and Using Models
• Develop models to describe
phenomena. (3-LS1-1)

Science and Engineering
Practices

Patterns
• Patterns of change can be used to
make predictions. (3-LS1-1)

Crosscutting Concepts

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

Students should be developing an
understanding that:
Principle III Concept a: Natural systems
proceed through cycles and processes that
are required for their functioning.
Principle III Concept b: Human
practices depend upon and benefit from the
cycles and processes that operate within
natural systems.
Principle III Concept c: Human
practices can alter the cycles and processes
that operate within natural systems.

Environmental Principles
and Concept(s)

As students learn that:
LS1.B: Growth and Development of
Organisms Reproduction is essential to
the continued existence of every kind of
organism. Plants and animals have unique
and diverse life cycles. (3-LS1-1)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

3-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

Living Things in
Changing Environments

Structures for Survival
in a Healthy Ecosystem

Flowering Plants
in Our Changing
Environment

Cycle of Life

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grade Three
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Constructing Explanations and
Designing Solutions
• Use evidence (e.g., observations,
patterns) to support an explanation.
(3-LS3-2)

Science and Engineering Practices

Cause and Effect
• Cause and effect relationships are
routinely identified and used to explain
change. (3-LS3-2)
Patterns
• Similarities and differences in patterns
can be used to sort and classify natural
phenomena. (3-LS3-1)

Crosscutting Concepts

Principle II The long-term functioning and health of terrestrial, freshwater,
coastal and marine ecosystems are
influenced by their relationships with
human societies.

3-LS3-2: Use evidence
to support the explanation
that traits can be influenced
by the environment.

[Clarification Statement:
Examples of the environment
affecting a trait could include
normally tall plants grown
with insufficient water are
stunted; and, a pet dog that
is given too much food and
little exercise may become
overweight.]

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

3-LS3 HEREDITY: INHERITANCE AND VARIATION OF TRAITS

Students should be developing an
understanding that:
Principle II Concept a: Direct and
indirect changes to natural systems due to
the growth of human populations and their
consumption rates influence the geographic
extent, composition, biological diversity,
and viability of natural systems.

Environmental Principles and Concept(s)

As students learn that:
LS3.A: Inheritance of Traits Other
characteristics result from individuals’
interactions with the environment, which
can range from diet to learning, and
that many characteristics involve both
inheritance and environment. (3-LS3-2)
LS3.B: Inheritance of Traits The
environment also affects the traits that an
organism develops. (3-LS3-2)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Flowering Plants in Our
Changing Environment

Alike and Different

Living Things in
Changing Environments

Structures for Survival
in a Healthy Ecosystem

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Statement: Examples of
evidence could include needs
and characteristics of the
organisms and habitats
involved. The organisms and
their habitat make

3-LS4-3: Construct an
argument with evidence
that in a particular habitat
some organisms can survive
well, some survive less
well, and some cannot
survive at all. [Clarification

Statement: Examples of cause
and effect relationships could
be plants that have larger
thorns than other plants may
be less likely to be eaten
by predators; and, animals
that have better camouflage
coloration than other animals
may be more likely to survive
and therefore more likely to
leave offspring.]

Principle II The long-term functioning and health of terrestrial,
freshwater, coastal and marine ecosystems are influenced by their
relationships with human societies.

3-LS4-2: Use evidence to
construct an explanation
for how the variations
in characteristics among
individuals of the same
species may provide
advantages in surviving,
finding mates, and
reproducing. [Clarification

Science is a Human Endeavor
• Most scientists and engineers work
in teams. (3-LS4-3)

Connections to Nature of Science

Interdependence of Science,
Engineering, and Technology
• Knowledge of relevant scientific
concepts and research findings is
important in engineering. (3 LS4 3)

Connections to Engineering,
Technology, and Applications
of Scienceb

Cause and Effect
• Cause and effect relationships are
routinely identified and used to
explain change. (3-LS4-2) (3-LS4-3)
Systems and System Models
• A system can be described in
terms of its components and their
interactions. (3-LS4-4)

Crosscutting Concepts

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

3-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

As students learn that:
LS4.C: Adaptation For any particular environment, some kinds of organisms survive
well, some survive less well.
(3-LS4-3)
LS4.D: Biodiversity and Humans
Populations live in a variety of habitats,
and change in those habitats affects the
organisms living there.
(3-LS4-4)
Secondary DCI(s)
LS2.C: Ecosystem Dynamics,
Functioning, and Resilience When the
environment changes in ways that affect a
place’s physical characteristics, temperature,
or availability of resources, some organisms
survive and reproduce, others move to
new locations, yet others move into the
transformed environment, and some die.
(secondary to 3-LS4-4)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Living Things in
Changing Environments

Structures for Survival in
a Healthy Ecosystem

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

1631

1632

Statement: Examples of
environmental changes
could include changes in
land characteristics, water
distribution, temperature,
food, and other organisms.]
[Assessment Boundary:
Assessment is limited to a
single environmental change.
Assessment does not include
the greenhouse effect or
climate change.]

3-LS4-4: Make a claim
about the merit of a solution
to a problem caused when
the environment changes
and the types of plants
and animals that live there
may change.* [Clarification

up a system in which the
parts depend on each other.]

Environmental Principles and Concept(s)

Students should be developing an
understanding that:
Principle II Concept a: Direct and
indirect changes to natural systems due to
the growth of human populations and their
consumption rates influence the geographic
extent, composition, biological diversity, and
viability of natural systems.
Principle II Concept b: Methods used
to extract, harvest, transport and consume
natural resources influence the geographic
extent, composition, biological diversity, and
viability of natural systems.
Principle II Concept c: The expansion
and operation of human communities
influences the geographic extent,
composition, biological diversity, and viability
of natural systems.

Science and Engineering Practices

Constructing Explanations and
Designing Solutions
• Use evidence (e.g., observations,
patterns) to construct an
explanation. (3-LS4-2)
Engaging in Argument from
Evidence
• Construct an argument with
evidence. (3-LS4-3)
• Make a claim about the merit of
a solution to a problem by citing
relevant evidence about how it
meets the criteria and constraints of
the problem. (3-LS4-4)

3-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

blank

blank

Connections to Environmental Principles and Concepts
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Asking Questions and Defining Problems
• Define a simple design problem that can be
solved through the development of an object,
tool, process, or system and includes several
criteria for success and constraints on materials,
time, or cost. (3–5-ETS1-1)
Constructing Explanations and Designing
Solutions
• Generate and compare multiple solutions to
a problem based on how well they meet the
criteria and constraints of the design problem.
(3–5-ETS1-2)

Science and Engineering Practices

Connections to Engineering, Technology,
and Applications of Science
Influence of Engineering, Technology, and
Science on Society and the Natural World
• People’s needs and wants change over time,
as do their demands for new and improved
technologies. (3–5-ETS1-1)
• Engineers improve existing technologies or
develop new ones to increase their benefits,
decrease known risks, and meet societal
demands. (3–5-ETS-2)

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting resources and
natural systems are based on a wide range of
considerations and decision-making processes.

3–5-ETS1-1: Define a
simple design problem
reflecting a need or a want
that includes specified
criteria for success and
constraints on materials,
time, or cost.
3–5-ETS1-2: Generate
and compare multiple
possible solutions to a
problem based on how
well each is likely to meet
the criteria and constraints
of the problem.
Students should be developing an
understanding that:
Principle V Concept a: The
spectrum of what is considered in
making decisions about resources
and natural systems and how
those factors influence decisions.

Environmental Principles and
Concept(s)

As students learn that:
ETS1.A: Defining and
Delimiting Engineering
Problems … Different proposals
for solutions can be compared on
the basis of how well each one
meets the specified criteria for
success or how well each takes
the constraints into account.
(3–5-ETS1-1)

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

3–5-ETS1 ENGINEERING DESIGN

Living Things in
Changing Environments

Structures for Survival in
a Healthy Ecosystem

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Engaging in Argument
from Evidence
• Construct an argument with
evidence, data, and/or a model.
(4-LS1-1)

Science and Engineering
Practices

Systems and System Models
• A system can be described in
terms of its components and
their interactions. (4-LS1-1)

Crosscutting Concepts

Principle II The long-term
functioning and health of
terrestrial, freshwater, coastal
and marine ecosystems are
influenced by their relationships
with human societies.

4-LS1-1: Construct an
argument that plants and
animals have internal and
external structures that
function to support
survival, growth, behavior,
and reproduction.

[Clarification Statement:
Examples of structures
could include thorns, stems,
roots, colored petals, heart,
stomach, lung, brain, and
skin. Each structure has
specific functions within its
associated system.]
[Assessment Boundary:
Assessment is limited to
macroscopic structures
within plant and animal
systems.]

Connections Between
EP&Cs, CCCs, and SEPs

Performance
Expectations

Students should be developing an
understanding that:
Principle II Concept a: Direct and
indirect changes to natural systems due to
the growth of human populations and their
consumption rates influence the geographic
extent, composition, biological diversity, and
viability of natural systems.
Principle II Concept b: Methods used to
extract, harvest, transport, and consume
natural resources influence the geographic
extent, composition, biological diversity, and
viability of natural systems.
Principle II Concept c: The expansion
and operation of human communities
influences the geographic extent,
composition, biological diversity, and viability
of natural systems.

Environmental Principles and Concept(s)

As students learn that:
LS1.A: Structure and Function Plants
and animals have both internal and external
structures that serve various functions in
growth, survival, behavior, and reproduction.
(4 LS1-1)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

4-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

The Flow of Energy
Through Ecosystems

Living Things in
Changing Environments

Structures for Survival in
a Healthy Ecosystem

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grade Four

Appendix 2
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[Clarification Statement:
Examples of renewable
energy resources could
include wind energy,
water behind dams, and
sunlight; non-renewable
energy resources are
fossil fuels and fissile
materials. Examples of
environmental effects
could include loss of
habitat due to dams, loss
of habitat due to surface
mining, and air pollution
from burning of fossil
fuels.]

Principle I The continuation and health of individual
human lives and of human communities and societies
depend on the health of the natural systems that provide essential goods and ecosystem services.

4-ESS3-1: Obtain and
combine information
to describe that energy
and fuels are derived
from natural resources
and their uses affect
the environment.

2016 California Science Framework

Appendix 2
Obtaining, Evaluating, and Communicating
Information
• Obtain and combine information from books and
other reliable media to explain phenomena.
(4-ESS3-1)

Science and Engineering Practices

Interdependence of Science, Engineering,
and Technology
• Knowledge of relevant scientific concepts and
research findings is important in engineering.
(4-ESS3-1)
Influence of Science, Engineering and
Technology on Society and the Natural World
• Over time, people’s needs and wants change, as do
their demands for new and improved technologies.
(4-ESS3-1)

Connections to Engineering, Technology,
and Applications of Science

Cause and Effect
• Cause and effect relationships are routinely identified
and used to explain change. (4-ESS3-1)
Energy and Matterb
• Energy can be transferred in various ways and
between objects.

Crosscutting Concepts

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

4-ESS3 EARTH AND HUMAN ACTIVITY

Students should be developing
an understanding that:
Principle I Concept a: The
goods produced by natural
systems are essential to human
life and to the functioning of our
economies and cultures.

Environmental Principles
and Concept(s)

As students learn that:
ESS3.A: Natural Resources
Energy and fuels that humans
use are derived from natural
sources, and their use affects
the environment in multiple
ways, and that some resources
are renewable over time, and
others are not. (4-ESS3-1)
Secondary DCI(s)
ETS1.B: Designing Solutions
to Engineering Problems
Testing a solution involves
investigating how well it
performs under a range of
likely conditions. (secondary to
4-ESS3-2)

Disciplinary Core Ideas

Clarifications and
Connections Between DCIs
and EP&Cs

Plants: The Ultimate
Energy Resource

Energy and Material
Resources: Renewable
or Not?

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Environmental Principles and
Concept(s)

Students should be developing an
understanding that:
Principle V Concept a: The spectrum
of what is considered in making decisions
about resources and natural systems and
how those factors influence decisions.

Science and Engineering Practices

Asking Questions and Defining
Problems
• Define a simple design problem that
can be solved through the development
of an object, tool, process, or system
and includes several criteria for success
and constraints on materials, time, or
cost. (3–5-ETS1-1)

Influence of Engineering,
Technology, and Science on Society
and the Natural World
• People’s needs and wants change over
time, as do their demands for new and
improved technologies. (3–5-ETS1-1)

Connections to Engineering,
Technology, and Applications of
Science

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting
resources and natural systems are based
on a wide range of considerations and
decision-making processes.

3–5-ETS1-1: Define a
simple design problem
reflecting a need or a want
that includes specified
criteria for success and
constraints on materials,
time, or cost.
As students learn that:
ETS1.A: Defining and Delimiting
Engineering Problems Possible
solutions to a problem are limited
by available materials and resources
(constraints). The success of a designed
solution is determined by considering the
desired features of a solution (criteria).
Different proposals for solutions can
be compared on the basis of how well
each one meets the specified criteria
for success or how well each takes the
constraints into account. (3–5-ETS1-1)

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

3–5-ETS1 ENGINEERING DESIGN

blank

blank

Microorganisms and
the Human World

Life and Death with
Decomposers

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework
Environmental Principles and
Concept(s)

Students should be developing an
understanding that:
Principle IV Concept a: The effects
of human activities on natural systems
are directly related to the quantities
of resources consumed and to the
quantity and characteristics of the
resulting byproducts.

Engaging in Argument from
Evidence
• Support an argument with evidence,
data, or a model. (5-LS1-1)

As students learn that:
LS1.C: Organization for Matter
and Energy Flow in Organisms
Plants acquire their material for
growth chiefly from air and water.
(5-LS1-1)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Science and Engineering Practices

Energy and Matter
• Matter is transported into, out of,
and within systems. (5-LS1-1)
Cause and Effect
• Cause and effect relationships are
routinely identified, tested, and used
to explain change. (5-PS1-4)

Crosscutting Concepts

Principle IV The exchange of
matter between natural systems and
human societies affects the long-term
functioning of both.

5-LS1-1: Support an
argument that plants get
the materials they need
for growth chiefly from air
and water. [Clarification

Statement: Emphasis is on
the idea that plant matter
comes mostly from air and
water, not from the soil.]

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

5-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

Life and Death with
Decomposers

The Flow of Energy
Through Ecosystems

Plants: The Ultimate
Energy Resource

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grade Five

Appendix 2

1637

1638

Appendix 2
Science Models, Laws, Mechanisms,
and Theories Explain Natural
Phenomena
• Science explanations describe the
mechanisms for natural events. (5-LS2-1)

Connections to Nature of Science

Developing and Using Models
• Develop a model to describe
phenomena. (5-LS2-1)

Science and Engineering Practices

Systems and System Models
• A system can be described in terms of its
components and their interactions.
(5-LS2-1)
Energy and Matter
• Matter is transported into, out of, and
within systems. (5-LS1-1)

Crosscutting Concepts

Principle III Natural systems proceed
through cycles that humans depend upon,
benefit from, and can alter.
Principle IV The exchange of matter
between natural systems and human
societies affects the long-term functioning
of both.

5-LS1-2: Develop
a model to describe
the movement of
matter among plants,
animals, decomposers,
and the environment.

[Clarification Statement:
Emphasis is on the
idea that matter that
is not food (air, water,
decomposed materials in
soil) is changed by plants
into matter that is food.
Examples of systems
could include organisms,
ecosystems, and the
Earth.] [Assessment
Boundary: Assessment
does not include
molecular explanations.]

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

5-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

As students learn that:
LS2.A: Interdependent Relationships
in Ecosystems The food of almost any
kind of animal can be traced back to plants;
organisms are related in food webs in which
some animals eat plants for food and other
animals eat the animals that eat plants; some
organisms, such as fungi and bacteria, break
down dead organisms (both plants or plant
parts and animals) and therefore operate as
“decomposers”; decomposition eventually
restores (recycles) some materials back
to the soil; organisms can survive only in
environments in which their particular needs
are met; a healthy ecosystem is one in which
multiple species of different types are each
able to meet their needs in a relatively stable
web of life; and newly introduced species
can damage the balance of an ecosystem.
(5-LS2-1)
LS2.B: Cycles of Matter and Energy
Transfer in Ecosystems Matter cycles
between the air and soil and among plants,
animals, and microbes as these organisms
live and die; organisms obtain gases, water,
and solids from the environment, and release
waste matter (gas, liquid, or solid) back into
the environment. (5-LS2-1)

Disciplinary Core Ideas

Clarifications and Connections Between
DCIs and EP&Cs

Life and Death with
Decomposers

The Flow of Energy
Through Ecosystems

Plants: The Ultimate
Energy Resource

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

2016 California Science Framework

blank
blank

blank

blank

5-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

Students should be developing an
understanding that:
Principle IV Concept a: The effects
of human activities on natural systems
are directly related to the quantities of
resources consumed and to the quantity and
characteristics of the resulting byproducts.
Principle IV Concept b: The byproducts
of human activity are not readily prevented
from entering natural systems and may be
beneficial, neutral, or detrimental in their
effect.
Principle III Concept a: Natural systems
proceed through cycles and processes
that are required for their functioning; and
that human practices can alter the cycles
and processes that operate within natural
systems.
Principle III Concept c: Human practices
can alter the cycles and processes that
operate within natural systems.

Environmental Principles and Concept(s)

blank

blank

Connections to Environmental Principles and Concepts

2016 California Science Framework
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[Assessment Boundary: Assessment
is limited to oceans, lakes, rivers,
glaciers, ground water, and polar
ice caps, and does not include the
atmosphere.]

5-ESS2-2: Describe and graph
the amounts and percentages of
water and fresh water in various
reservoirs to provide evidence about
the distribution of water on Earth.

[Clarification Statement: The
geosphere, hydrosphere (including
ice), atmosphere, and biosphere are
each a system and each system is
a part of the whole Earth System.
Examples could include the influence
of the ocean on ecosystems,
landform shape, and climate; the
influence of the atmosphere on
landforms and ecosystems through
weather and climate; and the
influence of mountain ranges on
winds and clouds in the atmosphere.
The geosphere, hydrosphere,
atmosphere, and biosphere are
each a system.] [Assessment
Boundary: Assessment is limited to
the interactions of two systems at a
time.]

Environmental Principles and
Concept(s)

Students should be developing an
understanding that:
Principle III Concept a: Natural
systems proceed through cycles and
processes that are required for their
functioning.
Principle III Concept b: Human
practices depend upon and benefit from
the cycles and processes that operate
within natural systems.
Principle III Concept c: Human
practices can alter the cycles and
processes that operate within natural
systems.

Systems and System Models
• A system can be described in
terms of its components and their
interactions. (5-LS2-1)
Cause and Effect
• Cause and effect relationships are
routinely identified, tested, and
used to explain change. (5-PS1-4)
Science and Engineering
Practices

Developing and Using Models
• Develop a model using an
example to describe a scientific
principle. (5-ESS2-1)
Using Mathematics and
Computational Thinking
• Describe and graph quantities
such as area and volume to
address scientific questions.
(5-ESS2-2)

Our Water: Sources
and Uses

Precipitation, People, and
the Natural World

Changing States: Water,
Natural Systems, and
Human Communities

As students learn that:
ESS2.A: Earth Materials and
Systems Earth’s major systems are
the geosphere, the hydrosphere, the
atmosphere, and the biosphere, these
systems interact in multiple ways to
affect Earth’s surface materials and
processes, the ocean supports a variety
of ecosystems and organisms, shapes
landforms, and influences climate, and
winds and clouds in the atmosphere
interact with the landforms to determine
patterns of weather. (5-ESS2-1)

Crosscutting Concepts

Earth’s Water

Disciplinary Core Ideas

Principle III Natural systems
proceed through cycles that
humans depend upon, benefit from
and can alter.

5-ESS2-1: Develop a model using
an example to describe ways the
geosphere, biosphere, hydrosphere,
and/or atmosphere interact.

Relevant EEI Units
that can Support
NGSS Instruction

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance Expectations

5-ESS2 EARTH’S SYSTEMS

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework
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Obtaining, Evaluating, and Communicating Information
• Obtain and combine information
from books and/or other reliable
media to explain phenomena or
solutions to a design problem.
(5-ESS3-1)

Science and Engineering Practices

Systems and System Models
• A system can be described in
terms of its components and their
interactions. (5-ESS3-1)
Connections to Nature of Science
Science Addresses Questions
About the Natural and Material
World
• Science findings are limited to
questions that can be answered with
empirical evidence. (5-ESS3-1)

Crosscutting Concepts

Disciplinary Core Ideas

Principle II The long-term
functioning and health of terrestrial,
freshwater, coastal and marine
ecosystems are influenced by their
relationships with human societies.

5-ESS3-1: Obtain and
combine information
about ways individual
communities use science
ideas to protect the
Earth’s resources and
environment.

Students should be developing an understanding
that:
Principle II Concept a: Direct and indirect
changes to natural systems due to the growth of
human populations and their consumption rates
influence the geographic extent, composition,
biological diversity, and viability of natural
systems.
Principle II Concept b: Methods used to
extract, harvest, transport and consume natural
resources influence the geographic extent,
composition, biological diversity, and viability of
natural systems.
Principle II Concept c: The expansion and
operation of human communities influences
the geographic extent, composition, biological
diversity, and viability of natural systems.

Environmental Principles and Concept(s)

As students learn that:
ESS3.C: Human Impacts on Earth Systems
Human activities in agriculture, industry, and
everyday life have had major effects on the land,
vegetation, streams, ocean, air, and even outer
space, but individuals and communities are doing
things to help protect Earth’s resources and
environments. (5-ESS3-1)

Clarifications and Connections Between
DCIs and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

5-ESS3 EARTH AND HUMAN ACTIVITY

Life and Death with
Decomposers

Our Water: Sources and
Uses

Precipitation, People,
and the Natural World

Changing States: Water,
Natural Systems, and
Human Communities

Earth’s Water

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Developing and Using
Models
• Use models to describe
phenomena. (5-PS3-1)

Science and Engineering
Practices

Energy and Matter
• Energy can be transferred in
various ways and between
objects. (5-PS3-1)

Crosscutting Concepts

Principle II The long-term
functioning and health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their relationships
with human societies.

5-PS3-1: Use models to
describe that energy in
animals’ food (used for
body repair, growth,
motion, and to maintain
body warmth) was once
energy from the sun.

[Clarification Statement:
Examples of models could
include diagrams, and
flow charts.]

Connections Between
EP&Cs, CCCs, and SEPs

Performance
Expectations

5-PS3 ENERGY

Students should be developing an understanding that:
Principle II Concept a: Direct and indirect changes to
natural systems due to the growth of human populations
and their consumption rates influence the geographic
extent, composition, biological diversity, and viability of
natural systems.
Principle I Concept a: The goods produced by natural
systems are essential to human life and to the functioning
of our economies and cultures.
Principle I Concept b: The ecosystem services
provided by natural systems are essential to human life
and to the functioning of our economies and cultures.

Environmental Principles ands Concept(s)

As students learn that:
PS3.D: Energy in Chemical Processes and
Everyday Life Energy released [from] food was once
energy from the sun that was captured by plants in the
chemical process that forms plant matter (from air and
water). (5-PS3-1) b
Secondary DCI(s)
LS1.C: Organization for Matter and Energy Flow
in Organisms Food provides animals with the materials
they need for body repair and growth and the energy
they need to maintain body warmth and for motion.
(secondary to 5-PS3-1)

Disciplinary Core Ideas

Clarifications and Connections Between
DCIs and EP&Cs

The Flow of Energy
Through Ecosystems

Plants: The Ultimate
Energy Resource

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Constructing Explanations and
Designing Solutions
• Generate and compare multiple solutions to a problem based on how well
they meet the criteria and constraints of
the design problem. (3–5-ETS1-2)

Science and Engineering Practices

Influence of Engineering,
Technology, and Science on Society
and the Natural World
• People’s needs and wants change over
time, as do their demands for new and
improved technologies. (3–5-ETS1-1)
• Engineers improve existing technologies
or develop new ones to increase their
benefits, decrease known risks, and
meet societal demands. (3–5-ETS-2)

Connections to Engineering,
Technology, and Applications
of Science

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting
resources and natural systems are based
on a wide range of considerations and
decision-making processes.

3–5-ETS1-2: Generate
and compare multiple
possible solutions to
a problem based on
how well each is likely
to meet the criteria
and constraints of the
problem.

Students should be developing an
understanding that:
Principle V Concept a: The spectrum of
what is considered in making decisions about
resources and natural systems and how those
factors influence decisions.

Environmental Principles and Concept(s)

As students learn that:
ETS1.C: Optimizing the Design Solution
Different solutions need to be tested to
determine which of them best solves the
problem, given the criteria and the
constraints. (3 5-ETS1-3)
ETS1.B: Developing Possible Solutions
Research on a problem should be carried out
before beginning to design a solution. Testing
a solution involves investigating how well it
performs under a range of likely conditions.
(3–5-ETS1-2) b
ETS1.B: At whatever stage, communicating
with peers about proposed solutions is an
important part of the design process, and
shared ideas can lead to improved designs.
(3–5-ETS1-2)

Clarifications and Connections Between
DCIs and EP&Cs

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

3–5-ETS1 ENGINEERING DESIGN

Our Water: Sources and
Uses

Precipitation, People,
and the Natural World

Changing States: Water,
Natural Systems, and
Human Communities

Earth’s Water

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

1643
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Statement: Examples of behaviors that affect the probability
of animal reproduction could
include nest building to protect young from cold, herding
of animals to protect young
from predators, and vocalization of animals and colorful
plumage to attract mates for
breeding. Examples of animal behaviors that affect the
probability of plant reproduction could include transferring
pollen or seeds; and, creating
conditions for seed germination and growth. Examples of
plant structures could include
bright flowers attracting butterflies that transfer pollen,
flower nectar and odors that
attract insects that transfer
pollen, and hard shells on nuts
that squirrels bury.]

Principle II: The long-term functioning
and health of terrestrial, freshwater, coastal
and marine ecosystems are influenced by
their relationships with human societies.
Principle IV: The exchange of matter
between natural systems and human
societies affects the long-term functioning
of both.

MS-LS1-4: Use arguments
based on empirical evidence
and scientific reasoning to
support an explanation for
how characteristic animal
behaviors and specialized
plant structures affect the
probability of successful reproduction of animals and plants
respectively. [Clarification

Appendix 2
Constructing Explanations and
Designing Solutions
• Construct a scientific explanation based
on valid and reliable evidence obtained

Science and Engineering Practices

Cause and Effect
• Phenomena may have more than one
cause, and some cause and effect
relationships in systems can only be
described using probability. (MS-LS1-4)
(MS-LS1-5)
Systems and System Models
• Systems may interact with other systems;
they may have sub-systems and be a part
of larger complex systems. (MS-LS1-3)
Energy and Matter
• Within a natural system, the transfer of
energy drives the motion and/or cycling
of matter. (MS-LS1-6)

Crosscutting Concepts

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

Shaping Natural
Systems through
Evolution

As students learn that:
LS1.B: Growth and Development
of Organisms Animals engage in
characteristic behaviors that increase
the odds of reproduction. (MS-LS1-4)
LS1.B: Genetic factors as well as
local conditions affect the growth of
the adult plant. (MS-LS1-5)
LS1.C: Organization for Matter
and Energy Flow in Organisms
Plants, algae (including phytoplankton), and many microorganisms use
the energy from light to make sugars
(food) from carbon dioxide from the
atmosphere and water through the
process of photosynthesis, which
also releases oxygen. These sugars
can be used immediately or stored
for growth or later use. (MS-LS1-6) b
LS1.C: Within individual organisms,
food moves through a series of
chemical reactions in which it is
broken down and rearranged to form
new molecules, to support growth, or
to release energy. (MS-LS1-7)
Secondary DCI(s)
PS3.D: Energy in Chemical
Processes and Everyday Life The
chemical reaction by which plants
blank

blank

Responding to
Environmental
Change

Energy: Pass It On!

Relevant EEI
Units that can
Support NGSS
Instruction

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

MS-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grades Six, Seven and Eight

2016 California Science Framework

2016 California Science Framework

Appendix 2

[Clarification Statement: Emphasis
is on tracing movement of matter
and flow of energy.] [Assessment
Boundary: Assessment does not
include the biochemical mechanisms
of photosynthesis.]

MS-LS1-6: Construct a scientific
explanation based on evidence
for the role of photosynthesis in
the cycling of matter and flow of
energy into and out of organisms.

Examples of local environmental
conditions could include availability
of food, light, space, and water.
Examples of genetic factors could
include large breed cattle and species
of grass affecting growth of
organisms. Examples of evidence
could include drought decreasing
plant growth, fertilizer increasing
plant growth, different varieties of
plant seeds growing at different rates
in different conditions, and fish
growing larger in large ponds than
they do in small ponds.] [Assessment
Boundary: Assessment does not
include genetic mechanisms, gene
regulation, or biochemical
processes.]

MS-LS1-5: Construct a scientific
explanation based on evidence for
how environmental and genetic
factors influence the growth of
organisms. [Clarification Statement:

Scientific Knowledge is Based on
Empirical Evidence
• Science knowledge is based upon logical
connections between evidence and
explanations. (MS-LS1-6)

Connections to Nature of Science

from sources (including the students’ own
experiments) and the assumption that
theories and laws that describe the natural world operate today as they did in
the past and will continue to do so in the
future. (MS-LS1-5) (MS-LS1-6)
Engaging in Argument from Evidence
• Use oral and written arguments
supported by empirical evidence and
scientific reasoning to support or
refute an explanation or a model for a
phenomenon or a solution to a problem.
(MS-LS1-4)
Constructing Explanations and
Designing Solutions
• Construct a scientific explanation based
on valid and reliable evidence obtained
from sources (including the students’
own experiments) and the assumption
that theories and laws that describe the
natural world operate today as they did
in the past and will continue to do so in
the future. (MS-LS1-6)
Students should be developing an
understanding that:
Principle II Concept c: The
expansion and operation of
human communities influences the
geographic extent, composition,
biological diversity, and viability of
natural systems. (LS1.B)
Principle IV Concept b: The
byproducts of human activity are
not readily prevented from entering
natural systems and may be
beneficial, neutral, or detrimental in
their effect. (LS1.B)

Environmental Principles and
Concept(s)

produce complex food molecules
(sugars) requires an energy input
(i.e., from sunlight) to occur. In
this reaction, carbon dioxide and
water combine to form carbonbased organic molecules and release
oxygen. (secondary to MS-LS1-6)

MS-LS1 FROM MOLECULES TO ORGANISMS: STRUCTURES AND PROCESSES

blank

blank

blank

blank

Connections to Environmental Principles and Concepts

1645

1646
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Statement: Emphasis is on
describing the conservation
of matter and flow of energy
into and out of various ecosystems, and on defining the
boundaries of the system.]
[Assessment Boundary:
Assessment does not include
the use of chemical reactions
to describe the processes.]

MS-LS2-3: Develop a
model to describe the
cycling of matter and flow
of energy among living
and nonliving parts of an
ecosystem. [Clarification
Patterns
• Patterns can be used to identify cause and
effect relationships. (MS-LS2-2)
Cause and Effect
• Cause and effect relationships may be used
to predict phenomena in natural or designed
systems. (MS-LS2-1)
Energy and Matter
• The transfer of energy can be tracked as
energy flows through a natural system.
(MS-LS2-3)

Crosscutting Concepts

Principle I The continuation and health of
individual human lives and of human communities and societies depend on the health
of the natural systems that provide essential
goods and ecosystem services.
Principle II The long-term functioning and
health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their
relationships with human societies.
Principle III Natural systems proceed
through cycles that humans depend upon,
benefit from and can alter.
Principle IV The exchange of matter
between natural systems and human societies
affects the long-term functioning of both.
Principle V Decisions affecting resources and
natural systems are based on a wide range of
considerations and decision-making processes.

MS-LS2-1: Analyze and
interpret data to provide
evidence for the effects
of resource availability on
organisms and populations of organisms in an
ecosystem. [Clarification

Statement: Emphasis is on
cause and effect relationships between resources and
growth of individual organisms and the numbers of
organisms in ecosystems
during periods of abundant
and scarce resources.]

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

MS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

Shaping Natural
Systems through
Evolution

As students learn that:
LS2.A: Interdependent
Relationships in Ecosystems
Organisms, and populations of
organisms, are dependent on their
environmental interactions both with
other living things and with nonliving
factors. (MS-LS2-1) ***Supplemental
DCI PS1.B
LS2.B: Cycle of Matter and Energy
Transfer in Ecosystems … Transfers
of matter into and out of the physical
environment occur at every level… The
atoms that make up the organisms in
an ecosystem are cycled repeatedly
between the living and nonliving
parts of the ecosystem. (MS-LS2-3)
***Supplemental DCI PS1.B, ESS2.A
LS2.C: Ecosystem Dynamics,
Functioning, and Resilience
Disruptions to any physical or biological
component of an ecosystem can
lead to shifts in all its populations.
(MS-LS2-4)
Secondary DCI(s)
LS2.D: Biodiversity and Humans
Organisms, and populations of
organisms, are dependent on their
environmental interactions both with
other living things and with nonliving
factors. (MS-LS2-1) ***Supplemental
DCI PS1.B

Made from Earth:
How Natural
Resources Become
Things We Use

Energy and
Material Resources:
Renewable or Not?

Precipitation, People
and the Natural World

The Flow of Energy
through Ecosystems

Extinction: Past and
Present

Playing the Same
Role

Responding to
Environmental
Change

Energy: Pass It On!

Relevant EEI Units
that can Support
NGSS Instruction

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework
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[Clarification Statement:
Examples of ecosystem
services could include
water purification, nutrient
recycling, and prevention
of soil erosion. Examples of
design solution constraints
could include scientific,
economic, and social
considerations.]

MS-LS2-5: Evaluate
competing design solutions
for maintaining biodiversity
and ecosystem services.*

[Clarification Statement:
Emphasis is on recognizing
patterns in data and making
warranted inferences about
changes in populations,
and on evaluating empirical
evidence supporting
arguments about changes to
ecosystems.]

MS-LS2-4: Construct an
argument supported by
empirical evidence that
changes to physical or
biological components
of an affect populations.

Scientific Knowledge Assumes an Order
and Consistency in Natural Systems
• Science assumes that objects and events
in natural systems occur in consistent
patterns that are understandable through
measurement and observation. (MS-LS2-3)
Science Addresses Questions About the
Natural and Material World
• Science knowledge can describe
consequences of actions but does not
necessarily prescribe the decisions that
society takes. (MS-LS2-5)

Connections to Nature of Science

Influence of Engineering, Technology,
and Science on Society and the
Natural World
• The use of technologies and any limitations
on their use are driven by individual or
societal needs, desires, and values; by
the findings of scientific research; and by
differences in such factors as climate, natural
resources, and economic conditions. Thus
technology use varies from region to region
and over time. (MS-LS2-5)

Connections to Engineering, Technology,
and Applications of Scienceb

Stability and Change
• Small changes in one part of a system might
cause large changes in another part.
(MS-LS2-4) (MS-LS2-5)

MS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

blank
blank

Students should be developing an
understanding that:
Principle I Concept c: The quality,
quantity and reliability of the goods and
ecosystem services provided by natural
systems are directly affected by the
health of those systems. (LS4.D)
Principle II Concept b: Methods
used to extract, harvest, transport and
consume natural resources influence
the geographic extent, composition,
biological diversity, and viability of
natural systems. (LS2.A)
Principle III Concept a: Natural
systems proceed through cycles and
processes that are required for their
functioning. (LS2.B and LS2.C)
Principle III Concept b: Human
practices depend upon and benefit from
the cycles and processes that operate
within natural systems.
Principle III Concept c: Human
practices can alter the cycles and
processes that operate within natural
systems.

blank

Environmental Principles and
Concept(s)

ETS1.B: Developing Possible
Solutions Changes in biodiversity can
influence humans’ resources, such as
food, energy, and medicines, as well as
ecosystem services that humans rely
on—for example, water purification and
recycling. (secondary to MS-LS2-5)

Connections to Environmental Principles and Concepts

1647

1648
Developing and Using Models
• Develop a model to describe phenomena.
(MS-LS2-3)
Analyzing and Interpreting Data
• Analyze and interpret data to provide
evidence for phenomena. (MS-LS2-1)
Engaging in Argument from Evidence
• Construct an oral and written argument supported by empirical evidence and scientific
reasoning to support or refute an explanation
or a model for a phenomenon or a solution to
a problem. (MS-LS2-4)
• Evaluate competing design solutions based
on jointly developed and agreed-upon design
criteria. (MS-LS2-5)

blank

Scientific Knowledge is Based on
Empirical Evidence
• Science disciplines share common rules of
obtaining and evaluating empirical evidence.
(MS-LS2-4)

Connections to Nature of Science

Science and Engineering Practices

blank

MS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

Principle IV Concept c: The
capacity of natural systems to adjust
to human-caused alterations depends
on the nature of the system as well
as the scope, scale, and duration
of the activity and the nature of its
byproducts.
Principle V Concept a: The
spectrum of what is considered in
making decisions about resources and
natural systems and how those factors
influence decisions. (ETS1.B)
blank

blank

Connections to Environmental Principles and Concepts

Appendix 2
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[Clarification Statement:
Emphasis is on explanations of
the evolutionary relationships
among organisms in terms of
similarity or differences of the
gross appearance of anatomical
structures.]

MS-LS4-2: Apply scientific
ideas to construct an explanation
for the anatomical similarities
and differences among modern
organisms and between modern
and fossil organisms to infer
evolutionary relationships.

Emphasis is on finding patterns of
changes in the level of complexity
of anatomical structures in
organisms and the chronological
order of fossil appearance in
the rock layers.] [Assessment
Boundary: Assessment does not
include the names of individual
species or geological eras in the
fossil record.]

Principle II The long-term functioning
and health of terrestrial, freshwater, coastal
and marine ecosystems are influenced by
their relationships with human societies.

MS-LS4-1: Analyze and
interpret data for patterns in the
fossil record that document the
existence, diversity, extinction,
and change of life forms
throughout the history of life on
Earth under the assumption that
natural laws operate today as in
the past. [Clarification Statement:

Analyzing and Interpreting Data
• Analyze and interpret data to determine
similarities and differences in findings.
(MS-LS4-1)

Science and Engineering Practices

Scientific Knowledge Assumes an
Order and Consistency in Natural
Systems
• Science assumes that objects and events
in natural systems occur in consistent
patterns that are understandable through
measurement and observation. (MS-LS4-1)
(MS-LS4-2)

Connections to Nature of Science

Patterns
• Patterns can be used to identify cause
and effect relationships. (MS-LS4-2)
• Graphs, charts, and images can be used
to identify patterns in data. (MS-LS4-1)
Cause and Effect
• Phenomena may have more than one
cause, and some cause and effect
relationships in systems can only be
described using probability. (MS-LS4-6)

Crosscutting Concepts

Connections Between EP&Cs, CCCs,
and SEPs

Performance Expectations

MS-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

Students should be developing an
understanding that:
Principle II Concept a: And
indirect changes to natural systems
due to the growth of human
populations and their consumption
rates influence the geographic
extent, composition, biological
diversity, and viability of natural
systems.

Environmental Principles and
Concept(s)

Responding to
Environmental Change

Extinction: Past and
Present

Shaping Natural
Systems through
Evolution

Disciplinary Core Ideas

As students learn that:
LS4.C: Adaptation Adaptation
by natural selection acting over
generations is one important
process by which species change
over time in response to changes
in environmental conditions. Traits
that support successful survival and
reproduction in the new environment
become more common; those
that do not become less common.
Thus, the distribution of traits in a
population changes. (MS-LS4-6)
LS4.B: Natural Selection Natural
selection leads to the predominance
of certain traits in a population, and
the suppression of others. (MS-LS4-4)

Relevant EEI Units
that can Support
NGSS Instruction

Clarifications and Connections
Between DCIs and EP&Cs

Connections to Environmental Principles and Concepts

1649

1650

Statement: Emphasis is on
using mathematical models,
probability statements, and
proportional reasoning to
support explanations of trends
in changes to populations over
time.] [Assessment Boundary:
Assessment does not include
Hardy Weinberg calculations.]

MS-LS4-6: Use mathematical
representations to support
explanations of how natural
selection may lead to
increases and decreases of
specific traits in populations
over time. [Clarification
Scientific Knowledge is Based on
Empirical Evidence
• Science knowledge is based upon logical
and conceptual connections between
evidence and explanations. (MS-LS4-1)

Connections to Nature of Science

Constructing Explanations and
Designing Solutions
• Apply scientific ideas to construct an
explanation for real-world phenomena,
examples, or events. (MS-LS4-2)

MS-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

Principle II Concept c: The
expansion and operation of
human communities influences the
geographic extent, composition,
biological diversity, and viability of
natural systems.
blank

blank

Connections to Environmental Principles and Concepts

Appendix 2

2016 California Science Framework

Statement: Emphasis
is on the ways water
changes its state as
it moves through the
multiple pathways of
the hydrologic cycle.
Examples of models
can be conceptual
or physical.]
[Assessment Boundary:
A quantitative
understanding of
the latent heats of
vaporization and fusion
is not assessed.]

Principle III Natural systems proceed
through cycles that humans depend upon,
benefit from and can alter.

MS-ESS2-4: Develop
a model to describe
the cycling of water
through Earth’s
systems driven by
energy from the
sun and the force of
gravity. [Clarification

2016 California Science Framework
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Developing and Using Models
• Develop a model to describe unobservable
mechanisms. (MS ESS2-4)

Science and Engineering Practices

Energy and Matter
• Within a natural or designed system, the
transfer of energy drives the motion and/or
cycling of matter. (MS-ESS2-4)
Cause and Effect
• Cause and effect relationships may be used
to predict phenomena in natural or designed
systems. (MS-ESS2-5)
Systems and System Models
• Models can be used to represent systems and
their interactions—such as inputs, processes
and outputs—and energy, matter, and information flows within systems. (MS-ESS2-6)
Stability and Change
• Explanations of stability and change
in natural or designed systems can be
constructed by examining the changes
over time and processes at different scales,
including the atomic scale. (MS-ESS2-1)
Patterns
• Graphs, charts, and images can be used to
identify patterns in data. (MS-ESS3-2)

Crosscutting Concepts

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

MS-ESS2 EARTH’S SYSTEMS

Students should be developing an
understanding that:
Principle III Concept a: Natural systems
proceed through cycles and processes that
are required for their functioning.
Principle III Concept b: Human practices
depend upon and benefit from the cycles and
processes that operate within natural systems.
Principle III Concept c: Human practices
can alter the cycles and processes that
operate within natural systems.

Environmental Principles and Concept(s)

Changing States:
Water, Natural
Systems, and Human
Communities

As students learn that:
ESS2.C: The Roles of Water in Earth’s
Surface Processes Water continually
cycles among land, ocean, and atmosphere
via transpiration, evaporation, condensation
and crystallization, and precipitation, as
well as downhill flows on land. (MS-ESS2-4)
***Supplemental DCI PS1.A
ESS2.C: Complex patterns of the
changes and the movement of water in
the atmosphere, determined by winds,
landforms, and ocean temperatures and
currents, are major determinants of local
weather patterns. (MS-ESS2-5)
ESS2.C: Global movements of water and its
changes in form are propelled by sunlight
and gravity. (MS-ESS2-4)

Our Water: Sources
and Uses

Precipitation, People,
and the Natural World

Earth’s Water

Relevant EEI Units
that can Support
NGSS Instruction

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Connections to Environmental Principles and Concepts

1651

1652
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Emphasis is on how some natural
hazards, such as volcanic eruptions
and severe weather, are preceded by
phenomena that allow for reliable

MS-ESS3-2: Analyze and
interpret data on natural hazards
to forecast future catastrophic
events and inform the development
of technologies to mitigate their
effects. [Clarification Statement:

Science Addresses Questions About
the Natural and Material World
• Science knowledge can describe
consequences of actions but does not
necessarily prescribe the decisions that
society takes. (MS-ESS3-4)

Connections to Nature of Science

Cause and Effect
• Cause and effect relationships may be
used to predict phenomena in natural or
designed systems. (MS-ESS3-1)
(MS-ESS3-4)
• Relationships can be classified as causal
or correlational, and correlation does not
necessarily imply causation. (MS-ESS3-3)
Patterns
• Graphs, charts, and images can be used
to identify patterns in data. (MS-ESS3-2)

Crosscutting Concepts

Principle I The continuation and health
of individual human lives and of human
communities and societies depend on the
health of the natural systems that provide
essential goods and ecosystem services.
Principle II: The long-term functioning
and health of terrestrial, freshwater,
coastal and marine ecosystems are
influenced by their relationships with
human societies.

MS-ESS3-1: Construct a scientific
explanation based on evidence
for how the uneven distributions
of Earth’s mineral, energy, and
groundwater resources are
the result of past and current
geoscience processes. [Clarification

Statement: Emphasis is on how
these resources are limited and
typically non-renewable, and how
their distributions are significantly
changing as a result of removal
by humans. Examples of uneven
distributions of resources as a result
of past processes include but are not
limited to petroleum (locations of the
burial of organic marine sediments
and subsequent geologic traps),
metal ores (locations of past volcanic
and hydrothermal activity associated
with subduction zones), and soil
(locations of active weathering and/
or deposition of rock).]

Connections Between EP&Cs, CCCs,
and SEPs

Performance Expectations

MS-ESS3 EARTH AND HUMAN ACTIVITY

As students learn that:
ESS3.A: Natural Resources
Humans depend on Earth’s land,
ocean, atmosphere, and biosphere
for many different resources; minerals, fresh water, and biosphere
resources are limited, and many are
not renewable or replaceable over
human lifetimes; and that these
resources are distributed unevenly
around the planet as a result of past
geologic processes. (MS-ESS3-1)
ESS3.C: Human Impacts
on Earth Systems Typically
as human populations and percapita consumption of natural
resources increase, so do the
negative impacts on Earth unless
the activities and technologies
involved are engineered otherwise.
(MS-ESS3-4)
ESS3.B: Natural Hazards
Mapping the history of natural
hazards in a region, combined
with an understanding of related
geologic forces can help forecast
the locations and likelihoods of
future events. (MS-ESS3-2)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Extinction: Past and
Present

Responding to
Environmental Change

Energy: It’s Not All the
Same to You

Energy: Pass it On!

Precipitation, People
and the Natural World

Made from Earth: How
Natural Resources
Become Things We
Use

Energy and Material
Resources: Renewable
or Not?

The Dynamic Nature
of Rivers

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework
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[Clarification Statement: Examples of
the design process include examining
human environmental impacts,
assessing the kinds of solutions
that are feasible, and designing
and evaluating solutions that could
reduce that impact. Examples of
human impacts can include water
usage (such as the withdrawal of
water from streams and aquifers
or the construction of dams and
levees), land usage (such as urban
development, agriculture, or the
removal of wetlands), and pollution
(such as of the air, water, or land).]

MS-ESS3-3: Apply scientific
principles to design a method for
monitoring and minimizing a human
impact on the environment.*

predictions, but others, such as
earthquakes, occur suddenly and
with no notice, and thus are not yet
predictable. Examples of natural
hazards can be taken from interior
processes (such as earthquakes
and volcanic eruptions), surface
processes (such as mass wasting and
tsunamis), or severe weather events
(such as hurricanes, tornadoes, and
floods). Examples of data can include
the locations, magnitudes, and
frequencies of the natural hazards.
Examples of technologies can be
global (such as satellite systems to
monitor hurricanes or forest fires) or
local (such as building basements in
tornado-prone regions or reservoirs
to mitigate droughts).]

Analyzing and Interpreting Data
• Analyze and interpret data to determine
similarities and differences in findings.
(MS-ESS3-2)
Constructing Explanations and
Designing Solutions
• Construct a scientific explanation based
on valid and reliable evidence obtained
from sources (including the students’
own experiments) and the assumption
that theories and laws that describe the
natural world operate today as they did

Science and Engineering Practices

Influence of Science, Engineering,
and Technology on Society and the
Natural World
• All human activity draws on natural
resources and has both short and longterm consequences, positive as well as
negative, for the health of people and
the natural environment. (MS-ESS3-1)
(MS-ESS3-4)
• The uses of technologies and any
limitations on their use are driven by
individual or societal needs, desires,
and values; by the findings of scientific
research; and by differences in such
factors as climate, natural resources, and
economic conditions. Thus technology
use varies from region to region and
over time. (MS-ESS3-2) (MS-ESS3-3)

Connections to Engineering,
Technology, and Applications of
Science

MS-ESS3 EARTH AND HUMAN ACTIVITY
blank

blank

Environmental Principles and
Concept(s)

Students should be developing an
understanding that:
Principle I Concept c: The
quality, quantity and reliability of
the goods and ecosystem services
provided by natural systems are
directly affected by the health
of those systems. (ESS3.A and
ESS3.B)
Principle II Concept c: The
expansion and operation of
human communities influences the
geographic extent, composition,
biological diversity, and viability of
natural systems. (ESS3.C)

Connections to Environmental Principles and Concepts

1653

1654

Clarification Statement: Examples of
evidence include grade-appropriate
databases on human populations
and the rates of consumption
of food and natural resources
(such as freshwater, mineral, and
energy). Examples of impacts can
include changes to the appearance,
composition, and structure of Earth’s
systems as well as the rates at which
they change. The consequences of
increases in human populations and
consumption of natural resources
are described by science, but science
does not make the decisions for the
actions society takes.]

MS-ESS3-4: Construct an argument
supported by evidence for how
increases in human population and
per-capita consumption of natural
resources impact Earth’s systems.
in the past and will continue to do so in
the future. (MS-ESS3-1)
• Apply scientific principles to design an
object, tool, process or system.
(MS-ESS3-3)
Engaging in Argument from Evidence
• Construct an oral and written argument
supported by empirical evidence and
scientific reasoning to support or
refute an explanation or a model for a
phenomenon or a solution to a problem.
(MS-ESS3-4)

MS-ESS3 EARTH AND HUMAN ACTIVITY
blank
blank

blank
blank

Connections to Environmental Principles and Concepts
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Statement: Emphasis is
on natural resources that
undergo a chemical process
to form the synthetic
material. Examples of new
materials could include
new medicine, foods,
and alternative fuels.]
[Assessment Boundary:
Assessment is limited to
qualitative information.]

Principle II The long-term functioning and
health of terrestrial, freshwater, coastal and
marine ecosystems are influenced by their
relationships with human societies.

MS-PS1-3: Gather
and make sense of
information to describe
that synthetic materials
come from natural
resources and impact
society. [Clarification
Structure and Function
• Structures can be designed to serve particular
functions by taking into account properties of
different materials, and how materials can be
shaped and used. (MS-PS1-3)
Cause and Effect
• Cause and effect relationships may be used
to predict phenomena in natural or designed
systems. (MS-PS1-4)
Scale, Proportion, and Quantity
• Time, space, and energy phenomena can be
observed at various scales using models to
study systems that are too large or too small.
(MS-PS1-1)
Energy and Matter
• The transfer of energy can be tracked as
energy flows through a designed or natural
system. (MS-PS1-6)

Crosscutting Concepts

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

MS-PS1 MATTER AND ITS INTERACTIONS

2016 California Science Framework
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Students should be developing an
understanding that:
Principle II Concept b: Methods
used to extract, harvest, transport
and consume natural resources
influence the geographic extent,
composition, biological diversity, and
viability of natural systems.

Environmental Principles
and Concept(s)

As students learn that:
PS1.B: Chemical Reactions
Substances react chemically in
characteristic ways. In a chemical
process, the atoms that make
up the original substances are
regrouped into different molecules,
and these new substances have
different properties from those
of the reactants. (MS-PS1-3)
***Supplemental DCI ESS3.C, LS4.Db

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Made from Earth: How
Natural Resources
Become Things We Use

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

1655

1656
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Science and Engineering Practices

Obtaining, Evaluating, and
Communicating Information
• Gather, read, and synthesize information from
multiple appropriate sources and assess the
credibility, accuracy, and possible bias of each
publication and methods used, and describe
how they are supported or not supported by
evidence. (MS-PS1-3)

blank

Interdependence of Science, Engineering,
and Technology
• Engineering advances have led to important
discoveries in virtually every field of science,
and scientific discoveries have led to the
development of entire industries and
engineered systems. (MS-PS1-3)
Influence of Science, Engineering, and
Technology on Society and the Natural
World
• The uses of technologies and any limitations
on their use are driven by individual or
societal needs, desires, and values; by
the findings of scientific research; and by
differences in such factors as climate, natural
resources, and economic conditions. Thus
technology use varies from region to region
and over time. (MS-PS1-3)

Connections to Engineering, Technology,
and Applications of Science

blank

blank

MS-PS1 MATTER AND ITS INTERACTIONS

blank

blank

blank

blank

blank

blank

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework

MS-PS3-4: Plan an
investigation to determine
the relationships among
the energy transferred, the
type of matter, the mass,
and the change in the
average kinetic energy of the
particles as measured by the
temperature of the sample.

Statement: Examples of
devices could include an
insulated box, a solar cooker,
and a Styrofoam cup.]
[Assessment Boundary:
Assessment does not
include calculating the total
amount of thermal energy
transferred.]

Energy and Matter
• The transfer of energy can be
tracked as energy flows through a
designed or natural system.
(MS-PS3-3)
Scale, Proportion, and Quantity
• Proportional relationships (e.g.,
speed as the ratio of distance
traveled to time taken) among
different types of quantities provide
information about the magnitude of
properties and processes.
(MS-PS3-4)
Systems and System Models
• Models can be used to represent
systems and their interactions—such
as inputs, processes and outputs—
and energy and matter flow within
systems. (MS-PS2-1) (MS-PS2-4)

Crosscutting Concepts

Disciplinary Core Ideas

Principle IV The exchange of
matter between natural systems and
human societies affects the long-term
functioning of both.

MS-PS3-3: Apply scientific
principles to design,
construct, and test a device
that either minimizes or
maximizes thermal energy
transfer.* [Clarification
As students learn that:
PS3.B: Conservation of Energy and
Energy Transfer The amount of energy
transfer needed to change the temperature
of a matter sample by a given amount
depends on the nature of the matter, the
size of the sample, and the environment.
(MS-PS3-4)
PS3.B: When the motion energy of an
object changes, there is inevitably some
other change in energy at the same time.
(MS-PS3–5)
Secondary DCI(s)
ETS1.A: Defining and Delimiting an
Engineering Problem The more precisely
a design task’s criteria and constraints
can be defined, the more likely it is that
the designed solution will be successful.
Specification of constraints includes
consideration of scientific principles and
other relevant knowledge that is likely
to limit possible solutions. (secondary to
MS-PS3-3)

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

MS-PS3 ENERGY

Energy: It’s Not All the
Same to You!

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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[Clarification Statement:
Examples of experiments
could include comparing
final water temperatures
after different masses of ice
melted in the same volume
of water with the same initial
temperature, the temperature
change of samples of
different materials with the
same mass as they cool or
heat in the environment,
or the same material with
different masses when a
specific amount of energy
is added.] [Assessment
Boundary: Assessment does
not include calculating the
total amount of thermal
energy transferred.]

MS-PS3 ENERGY

Students should be developing an
understanding that:
Principle IV Concept a: The effects
of human activities on natural systems
are directly related to the quantities of
resources consumed and to the quantity and
characteristics of the resulting byproducts.
Principle IV Concept c: The capacity of
natural systems to adjust to human-caused
alterations depends on the nature of the
system as well as the scope, scale, and
duration of the activity and the nature of its
byproducts.

Planning and Carrying Out
Investigations
• Plan an investigation individually and
collaboratively, and in the design:
identify independent and dependent
variables and controls, what tools
are needed to do the gathering, how
measurements will be recorded,
and how many data are needed to
support a claim. (MS-PS3-4)
Scientific Knowledge is Based on
Empirical Evidence
• Science knowledge is based upon
logical and conceptual connections
between evidence and explanations
(MS-PS3-4)

Connections to Nature of Science

Environmental Principles and Concept(s)

Science and Engineering Practices
blank

blank

Connections to Environmental Principles and Concepts

Appendix 2

2016 California Science Framework

2016 California Science Framework

Appendix 2
Analyzing and Interpreting Data
• Analyze and interpret data to determine
similarities and differences in findings.
(MS-ETS1-3)

Science and Engineering Practices

Structure and Function
• Complex and microscopic structures and
systems can be visualized, modeled,
and used to describe how their function
depends on the shapes, composition, and
relationships among its parts; therefore,
complex natural and designed structures/
systems can be analyzed to determine how
they function. (MS-LS3-1)

Crosscutting Concepts

Students should be developing an
understanding that:
Principle V Concept a: The
spectrum of what is considered in
making decisions about resources and
natural systems and how those factors
influence decisions.

The Dynamic Nature
of Rivers

Energy and Material
Resources: Renewable
or Not?

Environmental Principles and
Concept(s)

Energy: It’s Not All the
Same to You!

Made from Earth: How
Natural Resources
Become Things We Use

Disciplinary Core Ideas

Principle V Decisions affecting resources
and natural systems are based on a wide
range of considerations and decision-making
processes.

MS-ETS1-3: Analyze data
from tests to determine
similarities and differences
among several design
solutions to identify the
best characteristics of each
that can be combined into
a new solution to better
meet the criteria
for success.

Relevant EEI Units
that can Support
NGSS Instruction

As students learn that:
ETS1.B: Developing Possible
Solutions There are systematic
processes for evaluating solutions with
respect to how well they meet the
criteria and constraints of a problem.
(MS-ETS1-3)

Clarifications and Connections
Between DCIs and EP&Cs

Connections Between EP&Cs, CCCs,
and SEPs

Performance
Expectations

MS-ETS1 ENGINEERING DESIGN

Connections to Environmental Principles and Concepts

1659

1660

Appendix 2

[Clarification Statement: Examples
of mathematical representations
include finding the average,
determining trends, and using
graphical comparisons of multiple
sets of data.] [Assessment
Boundary: Assessment is limited
to provided data.]

HS-LS2-2: Use mathematical
representations to support and
revise explanations based on
evidence about factors affecting
biodiversity and populations in
ecosystems of different scales.

Systems and System Models
• Models (e.g., physical, mathematical, computer models) can
be used to simulate systems
and interactions—including
energy, matter, and information
flows—within and between
systems at different scales.
(HS-LS2-5)
Energy and Matter
• Energy cannot be created
or destroyed—it only moves
between one place and another
place, between objects and/
or fields, or between systems.
(HS-LS2-4)

Crosscutting Concepts

Principle II The long-term
functioning and health of
terrestrial, freshwater, coastal
and marine ecosystems are
influenced by their relationships
with human societies.
Principle IV The exchange of
matter between natural systems
and human societies affects the
long-term functioning of both.

HS-LS2-1: Use mathematical
and/or computational representations to support explanations of
factors that affect carrying capacity of ecosystems at different
scales. [Clarification Statement:

Emphasis is on quantitative analysis and comparison of the
relationships among interdependent factors including boundaries,
resources, climate, and competition. Examples of mathematical
comparisons could include graphs,
charts, histograms, and population changes gathered from
simulations or historical data
sets.] [Assessment Boundary:
Assessment does not include
deriving mathematical equations
to make comparisons.]

Connections Between
EP&Cs, CCCs, and SEPs

Performance Expectations

As students learn that:
LS2.A: Interdependent
Relationships in Ecosystems
Ecosystems have carrying capacities,
which are limits to the numbers of
organisms and populations they can
support. These limits result from
such factors as the availability of
living and nonliving resources and
from challenges such as predation,
competition, and disease.
LS2.A: Organisms would have the
capacity to produce populations of
great size were it not for the fact that
environments and resources are finite.
This fundamental tension affects the
abundance (number of individuals) of
species in any given ecosystem.
(HS-LS2-1) (HS-LS2-2) b
LS2.C: Ecosystem Dynamics,
Functioning, and Resilience …
extreme fluctuations in conditions or
the size of any population, however,
can challenge the functioning of
ecosystems in terms of resources
and habitat availability. (HS-LS2-2)
(HS-LS2-6)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

HS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

Liquid Gold: California’s
Water

Living Under One Roof

Life and Times of Carbon

Rainforests and Deserts:
Distribution, Uses and
Human Influences

Ocean Currents and
Natural Systems

The Greenhouse Effect
on Natural Systems

The Isolation of Species

Differential Survival of
Organisms

Ecosystem Change in
California

Biological Diversity: The
World’s Riches

Biodiversity: The
Keystone to Life on Earth

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

Appropriate Alignments among Environmental Principles and Concepts (EP&Cs)
and CA NGSS: Grades High School

2016 California Science Framework

2016 California Science Framework
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Statement: Examples of models
could include simulations
and mathematical models.]
[Assessment Boundary:
Assessment does not include
the specific chemical steps of
photosynthesis and respiration.]

HS-LS2-5: Develop a
model to illustrate the role of
photosynthesis and cellular
respiration in the cycling of
carbon among the biosphere,
atmosphere, hydrosphere,
and geosphere. [Clarification

Statement: Emphasis is on using
a mathematical model of stored
energy in biomass to describe
the transfer of energy from one
trophic level to another and that
matter and energy are conserved
as matter cycles and energy flows
through ecosystems. Emphasis
is on atoms and molecules such
as carbon, oxygen, hydrogen and
nitrogen being conserved as they
move through an ecosystem.]
[Assessment Boundary:
Assessment is limited to
proportional reasoning to describe
the cycling of matter and flow of
energy.]

HS-LS2-4: Use mathematical
representations to support claims
for the cycling of matter and
flow of energy among organisms
in an ecosystem. [Clarification

Stability and Changeb
• Much of science deals with
constructing explanations of how
things change and how they
remain stable. (HS-LS2-6)
(HS-LS2-7)
Cause and Effect
• Empirical evidence is required
to differentiate between cause
and correlation and make claims
about specific causes and effects.
(HS-LS2-8)
Scale, Proportion, and
Quantityb
• The significance of a
phenomenon is dependent on the
scale, proportion, and quantity at
which it occurs. (HS-LS2-1)
• Using the concept of orders
of magnitude allows one to
understand how a model at
one scale relates to a model at
another scale. (HS-LS2-2)

LS2.C: Moreover, anthropogenic changes
(those induced by human activity) in the
environment—including habitat destruction,
pollution, introduction of invasive species,
overexploitation, and climate change—
can disrupt an ecosystem and threaten the
survival of some species. (HS-LS2-7)
Secondary DCI(s)
LS4.D: Biodiversity and Humans
Biodiversity is increased by the formation of
new species (speciation) and decreased by
the loss of species (extinction). (secondary
to HS-LS2-7)
LS4.D: Humans depend on the living
world for the resources and other benefits
provided by biodiversity, but human
activity is also having adverse impacts
on biodiversity through overpopulation,
overexploitation, habitat destruction,
pollution, introduction of invasive species,
and climate change, thus sustaining
biodiversity so that ecosystem functioning
and productivity are maintained is essential
to supporting and enhancing life on Earth,
sustaining biodiversity also aids humanity
by preserving landscapes of recreational or
inspirational value.(secondary to HS-LS27) (Note: This Disciplinary Core Idea is also
addressed by HS-LS4-6.)

HS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS
blank

Connections to Environmental Principles and Concepts
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Statement: Examples of
human activities can include
urbanization, building dams, and
dissemination of invasive species.]

HS-LS2-7: Design, evaluate,
and refine a solution for
reducing the impacts of human
activities on the environment
and biodiversity.* [Clarification

Statement: Examples of changes
in ecosystem conditions could
include modest biological or
physical changes, such as
moderate hunting or a seasonal
flood; and, extreme changes, such
as volcanic eruption or sea level
rise.]

HS-LS2-6: Evaluate the claims,
evidence, and reasoning that
the complex interactions in
ecosystems maintain relatively
consistent numbers and
types of organisms in stable
conditions, but changing
conditions may result in a
new ecosystem. [Clarification
Scientific Knowledge is Open
to Revision in Light of New
Evidence
• Most scientific knowledge is
quite durable, but is, in principle,
subject to change based on new
evidence and/or reinterpretation
of existing evidence. (HS-LS2-2)
• Scientific argumentation is
a mode of logical discourse
used to clarify the strength of
relationships between ideas
and evidence that may result in
revision of an explanation.
(HS-LS2-6)

Science and Engineering
Practices

blank

Students should be developing an
understanding that:
Principle II Concept a: That direct and
indirect changes to natural systems due to
the growth of human populations and their
consumption rates influence the geographic
extent, composition, biological diversity,
and viability of natural systems.
Principle II Concept b: That methods
used to extract, harvest, transport and
consume natural resources influence the
geographic extent, composition, biological
diversity, and viability of natural systems.
Principle II Concept c: That the
expansion and operation of human
communities influences the geographic
extent, composition, biological diversity,
and viability of natural systems.

blank

blank

blank

blank

Environmental Principles and
Concept(s)

PS3.D: Energy in Chemical Processes
The main way that solar energy is captured
and stored on Earth is through the complex
chemical process known as photosynthesis.
(secondary to HS-LS2-5)
ETS1.B: Developing Possible
Solutions When evaluating solutions it
is important to take into account a range
of constraints including cost, safety,
reliability, and aesthetics and to consider
social, cultural and environmental impacts.
(secondary to HS-LS2-7)

HS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS

Connections to Environmental Principles and Concepts

2016 California Science Framework

blank

blank

Principle IV Concept a: That the effects
of human activities on natural systems
are directly related to the quantities of
resources consumed and to the quantity
and characteristics of the resulting
byproducts.
Principle IV Concept b: That the
byproducts of human activity are not
readily prevented from entering natural
systems and may be beneficial, neutral, or
detrimental in their effect.
Principle IV Concept c: That the
capacity of natural systems to adjust to
human-caused alterations depends on the
nature of the system as well as the scope,
scale, and duration of the activity and the
nature of its byproducts.

HS-LS2 ECOSYSTEMS: INTERACTIONS, ENERGY, AND DYNAMICS
blank

Connections to Environmental Principles and Concepts

2016 California Science Framework
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Statement: Emphasis
is on using data to
support arguments
for the way variation
occurs.] [Assessment
Boundary: Assessment
does not include the
phases of meiosis
or the biochemical
mechanism of specific
steps in the process.]

Principle III Natural systems
proceed through cycles that
humans depend upon, benefit
from and can alter.
Principle IV The exchange of
matter between natural systems
and human societies affects the
long-term functioning of both.

HS-LS3-2: Make and
defend a claim based
on evidence that
inheritable genetic
variations may result
from: (1) new genetic
combinations through
meiosis, (2) viable
errors occurring during
replication, and/or
(3) mutations caused
by environmental
factors. [Clarification

Appendix 2
Engaging in Argument from
Evidence
• Make and defend a claim
based on evidence about the
natural world that reflects
scientific knowledge, and
student-generated evidence.
(HS-LS3-2)

Science and Engineering
Practices

Cause and Effect
• Empirical evidence is required
to differentiate between cause
and correlation and make
claims about specific causes
and effects. (HS-LS3-2)

Crosscutting Concepts

Connections Between
EP&Cs, CCCs, and SEPs

Performance
Expectations

Students should be developing an understanding that:
Principle III Concept a: Natural systems proceed
through cycles and processes that are required for their
functioning.
Principle III Concept c: Human practices can alter the
cycles and processes that operate within natural systems.
Principle IV Concept b: The byproducts of human
activity are not readily prevented from entering natural
systems and may be beneficial, neutral, or detrimental in
their effect.
Principle IV Concept c: The capacity of natural systems
to adjust to human-caused alterations depends on the
nature of the system as well as the scope, scale, and
duration of the activity and the nature of its byproducts.

Environmental Principles and Concept(s)

As students learn that:
LS3.B: Variation of Traits Environmental factors can
also cause mutations in genes, and viable mutations are
inherited. (HS-LS3-2)
LS3.B: Environmental factors also affect expression of
traits, and hence affect the probability of occurrences of
traits in a population, thus the variation and distribution of
traits observed depends on both genetic and environmental
factors. (HS-LS3-2)

Disciplinary Core Ideas

Clarifications and Connections Between DCIs
and EP&Cs

HS-LS3 HEREDITY: INHERITANCE AND VARIATION OF TRAITS

The Isolation of
Species

High Tech Harvest:
Genetic Engineering
and the Environment

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts

2016 California Science Framework

2016 California Science Framework
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Statement: Emphasis is on
using evidence to explain
the influence each of the
four factors has on number
of organisms, behaviors,
morphology, or physiology in
terms of ability to compete
for limited resources and
subsequent survival of
individuals and adaptation
of species. Examples of
evidence could include
mathematical models such
as simple distribution graphs
and proportional reasoning.]
[Assessment Boundary:

Principle I The continuation
and health of individual
human lives and of human
communities and societies
depend on the health of the
natural systems that provide
essential goods and ecosystem
services.
Principle II The long-term
functioning and health of
terrestrial, freshwater, coastal
and marine ecosystems are
influenced by their relationships
with human societies.

HS-LS4-2: Construct
an explanation based on
evidence that the process of
evolution primarily results
from four factors: (1) the
potential for a species to
increase in number, (2) the
heritable genetic variation
of individuals in a species
due to mutation and sexual
reproduction, (3) competition
for limited resources,
and (4) the proliferation
of those organisms that
are better able to survive
and reproduce in the
environment. [Clarification
Cause and Effect
• Empirical evidence is required
to differentiate between cause
and correlation and make
claims about specific causes
and effects. (HS-LS4-2)
(HS-LS4-4) (HS-LS4-5)
Patterns
• Different patterns may be
observed at each of the scales
at which a system is studied
and can provide evidence for
causality in explanations of
phenomena. (HS-LS4-1)
(HS-LS4-3)

Crosscutting Concepts

Connections Between
EP&Cs, CCCs, and SEPs

Performance
Expectations

HS-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

As students learn that:
LS4.C Evolution is a consequence of the interaction of four factors: (1) the potential for a species
to increase in number, (2) the genetic variation of
individuals in a species due to mutation and sexual
reproduction, (3) competition for an environment’s
limited supply of the resources that individuals need
in order to survive and reproduce, and (4) the ensuing proliferation of those organisms that are better
able to survive and reproduce in that environment.
(HS-LS4-2)
LS4.C Adaptation also means that the distribution
of traits in a population can change when conditions
change. (HS-LS4-3)
LS4.C Changes in the physical environment,
whether naturally occurring or human induced, have
thus contributed to the expansion of some species,
the emergence of new distinct species as populations
diverge under different conditions, and the decline—
and sometimes the extinction—of some species.
(HS-LS4-5) (HS-LS4-6)
LS4.C Species become extinct because they can no
longer survive and reproduce in their altered environment. If members cannot adjust to change that
is too fast or drastic, the opportunity for the species’
evolution is lost. (HS-LS4-5)
LS4.D Humans depend on the living world for the
resources and other benefits provided by biodiversity.
But human activity is also having adverse impacts on

Disciplinary Core Ideas

Clarifications and Connections Between DCIs
and EP&Cs

Liquid Gold:
California’s Water

Ocean Currents and
Natural Systems

The Isolation of
Species

Biodiversity: The
World’s Riches

Ecosystem Change in
California

Biodiversity: The
Keystone to Life on
Earth

Differential Survival of
Organisms

High Tech Harvest:
Genetic Engineering
and the Environment

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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HS-LS4-5: Evaluate
the evidence supporting
claims that changes in
environmental conditions
may result in: (1) increases
in the number of individuals
of some species, (2) the
emergence of new species
over time, and (3) the
extinction of other species.

Statement: Emphasis is
on using data to provide
evidence for how specific
biotic and abiotic differences
in ecosystems (such as ranges
of seasonal temperature,
long-term climate change,
acidity, light, geographic
barriers, or evolution of other
organisms) contribute to a
change in gene frequency
over time, leading to
adaptation of populations.]

HS-LS4-4: Construct
an explanation based on
evidence for how natural
selection leads to adaptation
of populations. [Clarification

Assessment does not include
other mechanisms of evolution, such as genetic drift,
gene flow through migration,
and co-evolution.]

Constructing Explanations
and Designing Solutions
• Construct an explanation
based on valid and reliable
evidence obtained from a
variety of sources (including
students’ own investigations,
models, theories, simulations,
peer review) and the
assumption that theories
and laws that describe the
natural world operate today
as they did in the past and
will continue to do so in the
future. (HS-LS4-2) (HS-LS4-4)

Science and Engineering
Practices

Scientific Knowledge
Assumes an Order and
Consistency in Natural
Systems
• Scientific knowledge is based
on the assumption that
natural laws operate today as
they did in the past and they
will continue to do so in the
future. (HS-LS4-4)

Connections to Nature of
Science

HS-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

Students should be developing an understanding
that:
Principle II Concept a: Direct and indirect
changes to natural systems due to the growth of
human populations and their consumption rates
influence the geographic extent, composition,
biological diversity, and viability of natural systems.
Principle II Concept b: Methods used to extract,
harvest, transport and consume natural resources
influence the geographic extent, composition,
biological diversity, and viability of natural systems.
Principle II Concept c: The expansion and
operation of human communities influences the
geographic extent, composition, biological diversity,
and viability of natural systems.
Principle I Concept a: The goods produced by
natural systems are essential to human life and to
the functioning of our economies and cultures.

Environmental Principles and Concept(s)

biodiversity through overpopulation, overexploitation,
habitat destruction, pollution, introduction of invasive
species, and climate change. Thus sustaining
biodiversity so that ecosystem functioning and
productivity are maintained is essential to supporting
and enhancing life on Earth. Sustaining biodiversity
also aids humanity by preserving landscapes of
recreational or inspirational value. (HS-LS4-6)
(Note: This Disciplinary Core Idea is also addressed
by HS-LS2-7.)

blank

blank

blank

Connections to Environmental Principles and Concepts

2016 California Science Framework

[Clarification Statement:
Emphasis is on determining
cause and effect relationships
for how changes to the
environment such as
deforestation, fishing,
application of fertilizers,
drought, flood, and the rate
of change of the environment
affect distribution or
disappearance of traits in
species.]

Engaging in Argument from
Evidence
• Evaluate the evidence
behind currently accepted
explanations or solutions
to determine the merits of
arguments. (HS-LS4-5)

HS-LS4 BIOLOGICAL EVOLUTION: UNITY AND DIVERSITY

Principle I Concept b: The ecosystem services
provided by natural systems are essential to human
life and to the functioning of our economies and
cultures.
Principle I Concept c: The quality, quantity and
reliability of the goods and ecosystem services provided by natural systems are directly affected by the
health of those systems.

blank

Connections to Environmental Principles and Concepts

2016 California Science Framework
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HS-ESS2-4: Use a model to describe
how variations in the flow of energy
into and out of Earth’s systems result
in changes in climate.

Structure and Functionb
• The functions and properties of
natural and designed objects and
systems can be inferred from their
overall structure, the way their
components are shaped and used,
and the molecular substructures of
its various materials. (HS-ESS2-5)

Energy and Matter
• The total amount of energy
and matter in closed systems is
conserved. (HS-ESS2-6)

Cause and Effect
• Empirical evidence is required to
differentiate between cause and
correlation and make claims about
specific causes and effects.
(HS-ESS2-4)

Crosscutting Concepts

Principle III Natural systems
proceed through cycles that humans
depend upon, benefit from and can
alter.
Principle IV The exchange of
matter between natural systems and
human societies affects the longterm functioning of both.

HS-ESS2-2: Analyze geoscience data
to make the claim that one change to
Earth’s surface can create feedbacks
that cause changes to other Earth’s
systems. [Clarification Statement:

Examples should include climate
feedbacks, such as how an increase in
greenhouse gases causes a rise in
global temperatures that melts glacial
ice, which reduces the amount of
sunlight reflected from Earth’s surface,
increasing surface temperatures and
further reducing the amount of ice.
Examples could also be taken from
other system interactions, such as how
the loss of ground vegetation causes an
increase in water runoff and soil
erosion; how dammed rivers increase
groundwater recharge, decrease
sediment transport, and increase
coastal erosion; or how the loss of
wetlands causes a decrease in local
humidity that further reduces the
wetland extent.]

Connections Between EP&Cs,
CCCs, and SEPs

Performance Expectations

HS-ESS2 EARTH’S SYSTEMS

As students learn that:
ESS2.A: Earth Materials and
Systems Earth’s systems, being
dynamic and interacting, cause
feedback effects that can increase or
decrease the original changes.
(HS-ESS2-2)
ESS2.A: The geological record
shows that changes to global and
regional climate can be caused by
interactions among changes in the
sun’s energy output or Earth’s orbit,
tectonic events, ocean circulation,
volcanic activity, glaciers, vegetation,
and human activities. (HS-ESS2-4)
ESS2.C: The Roles of Water in
Earth’s Surface Processes The
abundance of liquid water on Earth’s
surface and its unique combination
of physical and chemical properties
are central to the planet’s dynamics.
(HS-ESS2-5)
ESS2.D: Weather and Climate
Gradual atmospheric changes were
due to plants and other organisms
that captured carbon dioxide and
released oxygen. (HS-ESS2-6)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Rainforests and
Deserts: Distribution,
Uses and Human
Influences

Liquid Gold:
California’s Water

Living Under One Roof

The Life and Times
of Carbon

The Greenhouse Effect
on Natural Systems

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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Statement: Emphasis is on mechanical and chemical investigations with
water and a variety of solid materials
to provide the evidence for connections
between the hydrologic cycle and system interactions commonly known as
the rock cycle. Examples of mechanical
investigations include stream transportation and deposition using a stream
table, erosion using variations in soil
moisture content, or frost wedging by
the expansion of water as it freezes.
Examples of chemical investigations
include chemical weathering and recrystallization (by testing the solubility of
different materials) or melt generation
(by examining how water lowers the
melting temperature of most solids).]

HS-ESS2-5: Plan and conduct an
investigation of the properties of water
and its effects on Earth materials
and surface processes. [Clarification

[Clarification Statement: Examples
of the causes of climate change differ
by timescale, over 1-10 years: large
volcanic eruption, ocean circulation;
10-100s of years: changes in human
activity, ocean circulation, solar
output; 10-100s of thousands of
years: changes to Earth’s orbit and the
orientation of its axis; and 10-100s of
millions of years: long-term changes in
atmospheric composition.] [Assessment
Boundary: Assessment of the results of
changes in climate is limited to changes
in surface temperatures, precipitation
patterns, glacial ice volumes, sea levels,
and biosphere distribution.]

HS-ESS2 EARTH’S SYSTEMS

Developing and Using Models
• Develop a model based on evidence
to illustrate the relationships
between systems or between
components of a system.
(HS-ESS2-1) (HS-ESS2-3) (HSESS2-6)
• Use a model to provide mechanistic
accounts of phenomena.
(HS-ESS2-4)
Planning and Carrying Out
Investigations
• Plan and conduct an investigation
individually and collaboratively to
produce data to serve as the basis
for evidence, and in the design:
decide on types, how much, and

Science and Engineering Practices

Influence of Engineering,
Technology, and Science on
Society and the Natural World
• New technologies can have
deep impacts on society and
the environment, including
some that were not anticipated.
Analysis of costs and benefits is a
critical aspect of decisions about
technology. (HS-ESS2-2)

Connections to Engineering,
Technology, and Applications
of Science

Stability and Change
• Feedback (negative or positive) can
stabilize or destabilize a system.
(HS-ESS2-2)

Students should be developing an
understanding that:
Principle III Concept a: Natural
systems proceed through cycles and
processes that are required for their
functioning.
Principle III Concept b: Human
practices depend upon and benefit
from the cycles and processes that
operate within natural systems.

Environmental Principles and
Concept(s)

ESS2.D: Changes in the atmosphere
due to human activity have increased
carbon dioxide concentrations and
thus affect climate. (HS-ESS2-6)
(HS-ESS2-4)
Secondary DCI(s)
ESS1.B: Earth and the Solar
System Cyclical changes in the
shape of Earth’s orbit around the
sun, together with changes in the tilt
of the planet’s axis of rotation, both
occurring over hundreds of thousands
of years, have altered the intensity
and distribution of sunlight falling on
the earth. These phenomena cause
a cycle of ice ages and other gradual
climate changes. (secondary to
HS-ESS2-4)

blank

blank
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[Clarification Statement: The carbon
cycle is a property of the Earth system
that arises from interactions among the
hydrosphere, atmosphere, geosphere,
and biosphere. Emphasis is on modeling
biogeochemical cycles that include
the cycling of carbon through the
ocean, atmosphere, soil, and biosphere
(including humans), providing the
foundation for living organisms.]

HS-ESS2-6: Develop a quantitative
model to describe the cycling of carbon
among the hydrosphere, atmosphere,
geosphere, and biosphere.

HS-ESS2 EARTH’S SYSTEMS

Scientific Knowledge is Based
on Empirical Evidence
• Science arguments are
strengthened by multiple lines
of evidence supporting a single
explanation. (HS-ESS2-4)

Connections to Nature of Science

accuracy of data needed to produce reliable measurements and
consider limitations on the precision
of the data (e.g., number of trials, cost, risk, time), and refine the
design accordingly. (HS-ESS2-5)
Analyzing and Interpreting Data
• Analyze data using tools,
technologies, and/or models (e.g.,
computational, mathematical) in
order to make valid and reliable
scientific claims or determine an
optimal design solution.
(HS-ESS2-2)

Principle III Concept c: Human
practices can alter the cycles and
processes that operate within natural
systems.
Principle IV Concept b: The
byproducts of human activity are
not readily prevented from entering
natural systems and may be
beneficial, neutral, or detrimental in
their effect.
Principle IV Concept c: The
capacity of natural systems to adjust
to human-caused alterations depends
on the nature of the system as well
as the scope, scale, and duration
of the activity and the nature of its
byproducts.
blank

Connections to Environmental Principles and Concepts
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Principle I The continuation and
health of individual human lives and
of human communities and societies
depend on the health of the natural
systems that provide essential goods
and ecosystem services.
Principle II The long-term
functioning and health of terrestrial,
freshwater, coastal and marine
ecosystems are influenced by their
relationships with human societies.
Principle III Natural systems
proceed through cycles that humans
depend upon, benefit from and can
alter.
Principle IV The exchange of
matter between natural systems and
human societies affects the long-term
functioning of both.
Principle V Decisions affecting
resources and natural systems
are based on a wide range of
considerations and decision-making
processes.

HS-ESS3-1: Construct an
explanation based on evidence
for how the availability of natural
resources, occurrence of natural
hazards, and changes in climate
have influenced human activity.

2016 California Science Framework

Appendix 2

HS-ESS3-2: Evaluate competing
design solutions for developing,
managing, and utilizing energy
and mineral resources based on
cost-benefit ratios.*

[Clarification Statement: Examples
of key natural resources include
access to fresh water (such as
rivers, lakes, and groundwater),
regions of fertile soils such as river
deltas, and high concentrations
of minerals and fossil fuels.
Examples of natural hazards
can be from interior processes
(such as volcanic eruptions and
earthquakes), surface processes
(such as tsunamis, mass wasting
and soil erosion), and severe
weather (such as hurricanes,
floods, and droughts). Examples of
the results of changes in climate
that can affect populations or drive
mass migrations include changes
to sea level, regional patterns of
temperature and precipitation, and
the types of crops and livestock
that can be raised.]

Connections Between EP&Cs,
CCCs, and SEPs

Performance Expectations

HS-ESS3 EARTH AND HUMAN ACTIVITY

As students learn that:
ESS3.A: Natural Resources Resource
availability has guided the development
of human society. (HS-ESS3-1)
All forms of energy production and
other resource extraction have associated
economic, social, environmental, and
geopolitical costs and risks as well as
benefits. New technologies and social
regulations can change the balance of
these factors. (HS-ESS3-2)
ESS3.B: Natural Hazards Natural
hazards and other geologic events have
shaped the course of human history;
[they] have significantly altered the sizes
of human populations and have driven
human migrations. (HS-ESS3-1) b
ESS3.C: Human Impacts on Earth
Systems The sustainability of human
societies and the biodiversity that
supports them requires responsible
management of natural resources.
(HS-ESS3-3)
Scientists and engineers can make
major contributions by developing
technologies that produce less pollution
and waste and that preclude ecosystem
degradation. (HS-ESS3-4)
Secondary DCI(s)

Disciplinary Core Ideas

Clarifications and Connections
Between DCIs and EP&Cs

Liquid Gold:
California’s Water

Rainforests and
Deserts: Distribution,
Uses and Human
Influences

Ocean Currents and
Natural Systems

High Tech Harvest:
Genetic Engineering
and the Environment

Living Under One Roof

The Life and Times
of Carbon

The Greenhouse Effect
on Natural Systems

Biodiversity: The
Keystone to Life on
Earth

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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[Clarification Statement:
Examples of factors that affect
the management of natural
resources include costs of resource
extraction and waste management,
per-capita consumption, and the
development of new technologies.
Examples of factors that affect
human sustainability include
agricultural efficiency, levels
of conservation, and urban
planning.] [Assessment Boundary:
Assessment for computational
simulations is limited to using
provided multi-parameter
programs or constructing simplified
spreadsheet calculations.]

HS-ESS3-3: Create a
computational simulation to
illustrate the relationships among
management of natural resources,
the sustainability of human
populations, and biodiversity.

[Clarification Statement: Emphasis
is on the conservation, recycling,
and reuse of resources (such
as minerals and metals) where
possible, and on minimizing impacts
where it is not. Examples include
developing best practices for
agricultural soil use, mining (for
coal, tar sands, and oil shales), and
pumping (for petroleum and natural
gas). Science knowledge indicates
what can happen in natural
systems—not what should happen.]

Appendix 2
Influence of Engineering,
Technology, and Science on
Society and the Natural World
• Modern civilization depends on
major technological systems.
(HS-ESS3-1) (HS-ESS3-3)

Connections to Engineering,
Technology, and Applications of
Science

Cause and Effect
• Empirical evidence is required to
differentiate between cause and
correlation and make claims about
specific causes and effects.
(HS-ESS3-1)
Systems and System Models
• When investigating or describing a
system, the boundaries and initial
conditions of the system need to be
defined and their inputs and outputs
analyzed and described using
models. (HS-ESS3-6)
Stability and Change
• Change and rates of change can
be quantified and modeled over
very short or very long periods of
time. Some system changes are
irreversible. (HS-ESS3-3)
(HS-ESS3–5)
• Feedback (negative or positive) can
stabilize or destabilize a system.
(HS-ESS3-4)

Crosscutting Concepts

HS-ESS3 EARTH AND HUMAN ACTIVITY

Students should be developing an
understanding that:
Principle I Concept c: The quality,
quantity and reliability of the goods and
ecosystem services provided by natural
systems are directly affected by the
health of those systems. (ESS2.E)
Principle II Concept a: Direct and
indirect changes to natural systems due
to the growth of human populations and
their consumption rates influence the

Environmental Principles and
Concept(s)

ESS2.D: Weather and Climate
Current models predict that, although
future regional climate changes will be
complex and varied, average global
temperatures will continue to rise. The
outcomes predicted by global climate
models strongly depend on the amounts
of human-generated greenhouse gases
added to the atmosphere each year and
by the ways in which these gases are
absorbed by the ocean and biosphere.
(secondary to HS-ESS3-6)
ETS1.B: Developing Possible
Solutions When evaluating solutions, it
is important to take into account a range
of constraints, including cost, safety,
reliability, and aesthetics, and to consider
social, cultural, and environmental
impacts. (secondary to HS-ESS3-2)
(secondary to HS-ESS3-4)

blank

blank

blank

Connections to Environmental Principles and Concepts
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[Clarification Statement: Examples
of evidence, for both data and
climate model outputs, are for
climate changes (such as precipitation and temperature) and their
associated impacts (such as on sea
level, glacial ice volumes, or atmosphere and ocean composition).]

HS-ESS3-5: Analyze geoscience data and the results from
global climate models to make an
evidence-based forecast of the
current rate of global or regional
climate change and associated
future impacts to Earth systems.

Statement: Examples of data on the
impacts of human activities could
include the quantities and types
of pollutants released, changes to
biomass and species diversity, or
areal changes in land surface use
(such as for urban development,
agriculture and livestock, or surface
mining). Examples for limiting
future impacts could range from
local efforts (such as reducing,
reusing, and recycling resources)
to large-scale geoengineering
design solutions (such as altering
global temperatures by making
large changes to the atmosphere
or ocean).]

HS-ESS3-4: Evaluate or refine a
technological solution that reduces
impacts of human activities on
natural systems.* [Clarification

Science is a Human Endeavor
• Science is a result of human
endeavors, imagination, and
creativity. (HS-ESS3-3)
Science Addresses Questions
About the Natural and Material
World
• Science and technology may raise
ethical issues for which science, by
itself, does not provide answers and
solutions. (HS-ESS3-2)
• Science knowledge indicates what
can happen in natural systems—
not what should happen. The
latter involves ethics, values, and
human decisions about the use of
knowledge. (HS-ESS3-2)
• Many decisions are not made using
science alone, but rely on social and
cultural contexts to resolve issues.
(HS-ESS3-2)

Connections to Nature of Science

technological systems by applying
scientific knowledge and engineering
design practices to increase benefits
while decreasing costs and risks.
(HS-ESS3-2) (HS-ESS3-4)
• New technologies can have
deep impacts on society and the
environment, including some that
were not anticipated. (HS-ESS3-3)
• Analysis of costs and benefits is a
critical aspect of decisions about
technology. (HS-ESS3-2)

• Engineers continuously modify these

HS-ESS3 EARTH AND HUMAN ACTIVITY

geographic extent, composition, biological
diversity, and viability of natural systems.
Principle II Concept b: Methods
used to extract, harvest, transport and
consume natural resources influence
the geographic extent, composition,
biological diversity, and viability of natural
systems.
Principle III Concept c: Human
practices can alter the cycles and
processes that operate within natural
systems.
Principle IV Concept b: The
byproducts of human activity are not
readily prevented from entering natural
systems and may be beneficial, neutral,
or detrimental in their effect.
Principle IV Concept c: The capacity
of natural systems to adjust to humancaused alterations depends on the nature
of the system as well as the scope, scale,
and duration of the activity and the
nature of its byproducts.
Principle V Concept a: The spectrum
of what is considered in making decisions
about resources and natural systems and
how those factors influence decisions.
Principle V Concept b: The process
of making decisions about resources and
natural systems, and how the assessment
of social, economic, political, and
environmental factors has changed over
time.
blank

blank
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Statement: Examples of Earth
systems to be considered are
the hydrosphere, atmosphere,
cryosphere, geosphere, and/or
biosphere. An example of the farreaching impacts from a human
activity is how an increase in
atmospheric carbon dioxide results
in an increase in photosynthetic
biomass on land and an
increase in ocean acidification,
with resulting impacts on sea
organism health and marine
populations.] [Assessment
Boundary: Assessment does not
include running computational
representations but is limited
to using the published results of
scientific computational models.]

HS-ESS3-6: Use a computational
representation to illustrate the
relationships among Earth systems
and how those relationships
are being modified due to
human activity. [Clarification

[Assessment Boundary: Assessment
is limited to one example of a
climate change and its associated
impacts.]

blank

Analyzing and Interpreting Data
models in order to make valid and
reliable scientific claims. (HS-ESS3-5)
Using Mathematics and
Computational Thinking
• Create a computational model
or simulation of a phenomenon,
designed device, process, or system.
(HS-ESS3-3)
• Use a computational representation
of phenomena or design solutions to
describe and/or support claims and/
or explanations. (HS-ESS3-6)
Constructing Explanations and
Designing Solutions
• Construct an explanation based on
valid and reliable evidence obtained
from a variety of sources (including
students’ own investigations,
models, theories, simulations, peer
review) and the assumption that
theories and laws that describe the
natural world operate today as they
did in the past and will continue to
do so in the future. (HS-ESS3-1)
• Design or refine a solution to a
complex real-world problem, based
on scientific knowledge, studentgenerated sources of evidence,
prioritized criteria, and tradeoff
considerations. (HS ESS3-4)

• Analyze data using computational

blank

Science and Engineering Practices

HS-ESS3 EARTH AND HUMAN ACTIVITY

blank

blank
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blank

Scientific Investigations Use a
Variety of Methods
• Science investigations use diverse
methods and do not always use the
same set of procedures to obtain
data. (HS-ESS3-5)
• New technologies advance scientific
knowledge. (HS-ESS3-5)
Scientific Knowledge is Based on
Empirical Evidence
• Science knowledge is based on
empirical evidence. (HS-ESS3-5)
• Science arguments are strengthened
by multiple lines of evidence
supporting a single explanation.
(HS-ESS3-5)

Connections to Nature of Science

Engaging in Argument from
Evidence
• Evaluate competing design
solutions to a real-world problem
based on scientific ideas and
principles, empirical evidence,
and logical arguments regarding
relevant factors (e.g. economic,
societal, environmental, ethical
considerations). (HS-ESS3-2)

HS-ESS3 EARTH AND HUMAN ACTIVITY
blank

blank

Connections to Environmental Principles and Concepts
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Appendix 2
Constructing Explanations and
Designing Solutions
• Evaluate a solution to a complex
real-world problem, based on
scientific knowledge, studentgenerated sources of evidence,
prioritized criteria, and tradeoff
considerations. (HS-ETS1-3)

Science and Engineering Practices

Influence of Science,
Engineering, and Technology on
Society and the Natural World
• New technologies can have
deep impacts on society and
the environment, including
some that were not anticipated.
Analysis of costs and benefits is a
critical aspect of decisions about
technology. (HS-ETS1-3)

Connections to Engineering,
Technology, and Applications
of Science

Crosscutting Concepts

Disciplinary Core Ideas

Principle V Decisions affecting
resources and natural systems
are based on a wide range of
considerations and decision-making
processes.

HS-ETS1-3: Evaluate
a solution to a complex
real-world problem
based on prioritized
criteria and tradeoffs that account for a
range of constraints,
including cost, safety,
reliability, and aesthetics,
as well as possible
social, cultural, and
environmental impacts.
As students learn that:
ETS1.A: Defining and Delimiting Engineering
Problems Criteria and constraints also include
satisfying any requirements set by society, such as
taking issues of risk mitigation into account, and
they should be quantified to the extent possible
and stated in such a way that one can tell if a given
design meets them. (HS-ETS1-1)
ETS1.A: Humanity faces major global challenges
today, such as the need for supplies of clean water
and food or for energy sources that minimize
pollution, which can be addressed through
engineering. These global challenges also may have
manifestations in local communities. (HS-ETS1-1)
ETS1.B: Developing Possible Solutions
When evaluating solutions, it is important to take
into account a range of constraints, including cost,
safety, reliability, and aesthetics, and to consider
social, cultural, and environmental impacts.
(HS-ETS1-3)
ETS1.B: When evaluating solutions, it is important
to take into account a range of constraints,
including cost, safety, reliability, and aesthetics,
and to consider social, cultural, and environmental
impacts. (HS-ETS1-3)
ETS1.C: Optimizing the Design Solution
Criteria may need to be broken down into simpler
ones that can be approached systematically, and
decisions about the priority of certain criteria over
others (trade-offs) may be needed. (HS-ETS1-2)

Clarifications and Connections Between DCIs
and EP&Cs

Connections Between EP&Cs,
CCCs, and SEPs

Performance
Expectations

HS-ETS1 ENGINEERING DESIGN

Liquid Gold:
California’s Water

Living Under One Roof

The Life and Times
of Carbon

Ocean Currents and
Natural Systems

The Greenhouse Effect
on Natural Systems

High Tech Harvest:
Genetic Engineering
and the Environment

Relevant EEI Units
that can Support
NGSS Instruction

Connections to Environmental Principles and Concepts
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blank
blank

blank

blank

HS-ETS1 ENGINEERING DESIGN

Students should be developing an understanding
that:
Principle V Concept a: The spectrum of what is
considered in making decisions about resources and
natural systems and how those factors influence
decisions.
Principle V Concept b: The process of making
decisions about resources and natural systems, and
how the assessment of social, economic, political,
and environmental factors has changed over time.

Environmental Principles and Concept(s)

Connections to Environmental Principles and Concepts
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Integrating the Practices of Computational
Thinking, Computer Modeling, and Simulation
to Teach the California Next Generation Science
Standards
By Irene Lee, Director, Project GUTS, Research Scientist, MIT Scheller Teacher Education
Program/Education Arcade

C

omputer science plays a central role in modern scientific research
and practice and in generating economic opportunity in California.
Thus, all California students should be better prepared to

incorporate computational concepts and methods as an integral part of
their science education. The inclusion of modern scientific practices of
computational thinking, computer modeling, and simulation are included
in the CA Science Framework to support application of computer science in
secondary classrooms. In this appendix, a variety of examples are offered
for forging a deeper connection between computer science and science
and engineering through computer modeling and simulation. Incorporating
these practices has been found to be highly engaging to a wide variety of
students while supporting instruction of specific CA NGSS middle grades
and high school standards.
A computer model is a computer-based representation of the system that
includes specification of objects or components and their state variables, as
well as programmed relationships among variables or components, based
on known scientific theory. When a computer model is used to mimic the
system moving forward in time, it is called computer “simulation.” Computer
simulations may be augmented by graphs of relationships between variables
over time or, put another way, how output variables evolve over time for
given input conditions.
Simulations designed for teaching usually include visualizations designed
to present students with a representation of otherwise invisible processes.
It is of utmost importance that students inspect and analyze the computer
code that underlies computer models; therefore we refrain from presenting
simulations as black boxes that cannot be investigated.
The computer models presented in the vignettes that follow are agentbased models, a particular type of computer model in which artificial worlds
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are created out of agents, their environment, and interaction between agents and their
environment. This type of modeling is particularly suitable for middle and high school
students because the behaviors of individual agents can be described in computer code
without the use of higher-level mathematics. Instead, students describe the behavior of
agents from a first-person perspective as actions and reactions. Then, when the passage of
time is simulated, emergent patterns appear as a product of the actions and interactions of
agents. Agent-based models have been used by researchers, ranging from young students
to research scientists, as a tool to study the behavior of complex systems.
Computational thinking is a key thinking skill used when one is engaged in creating and
modifying computer models. Computational thinking is the human thought process used
when deciding what aspects of the real world are important to represent in a computer
model. Computational thinking also is used when developing algorithms to simulate agent
behaviors and analyzing if a computer model is a valid representation of the real world (for
the purposes of answering the particular question at hand). Computational thinking can be
developed progressively across the grades as students develop algorithms and describe the
components necessary to include in their computer models. Understanding that someone
has abstracted the real world into a model and has developed instructions to tell the
components of the model how to behave is fundamental to understanding what comprises
models, what models are good for, and what limitations models may possess.
Concrete steps can be taken to support the development of computational thinking in
middle and high school students. The first is to read and decode computer models. For
example, in the StarLogo Nova environment, the student can “look under the hood” and
inspect the causal relationships and abstractions that are embedded in a model. Second, a
three-stage progression called Use-Modify-Create can support and deepen youth’s interaction
with computer models. In the Use stage, students are consumers of someone else’s creation.
For example, they decode and run experiments using pre-existing computer models. Over
time they begin to Modify the model with increasing levels of sophistication. For example,
a student may initially want to change the color of a character or some other purely visual
attribute. Later the student may want to change the character’s behavior in a way that
entails developing new algorithms in code. Through a series of modifications and iterative
refinements, new skills and understandings are developed as what was once someone else’s
model becomes one’s own. Finally, students reach the Create stage in which they make a
model of their own, either through multiple modifications or starting from a blank slate.
Importantly, modeling and simulation have been shown to have broad appeal and
to provide students from diverse backgrounds and a range of educational needs with

1680

Appendix 3

2016 California Science Framework

Computer Science in Science
opportunities to successfully engage in modern scientific practice. Project GUTS (Growing
Up Thinking Scientifically) and NM-CS for All (New Mexico Computer Science for All) serve
student populations that are more than 70 percent from underrepresented groups in
science, technology, engineering, and mathematics (STEM), including Native Americans,
African Americans, Hispanics/Latinos, and young women. In these programs, students have
been able to incorporate their own reality into scientific investigations through computer
modeling and simulation resulting in deep engagement in CA NGSS content and practices.

Appropriate Use of Technology—Bifocal Modeling
Framework
Computer modeling is a crucial aspect of the CA NGSS, but how does it fit into the
broader curriculum? What is the balance between computational investigations and realworld investigations? This section describes one example of an appropriate marriage
between these different types of scientific experiences that maximizes the value of each.
In their daily work, scientists and engineers not only make use of computers to analyze
data, communicate, calculate, and model systems, they also employ highly technical
equipment, including specialized probes and instruments, to extend their ability to
experiment with and make observations of phenomena.
The CA NGSS science instruction should include resources for students to engage with
and even design technology-based tools to
•

plan and perform investigations;

•

explore and make predictions from provided computer simulations;

•

create new or extend existing computer simulations;

•

understand how these simulations incorporate science theory in their underlying
computational models;

•

analyze and display data;

•

search for information;

•

communicate findings;

•

collaborate.

The use of graphing calculators and computer-linked measurement tools greatly
expand students’ ability to measure, record, and analyze a sufficient quantity of data to
reach meaningful conclusions. Creating new, or extending existing computer models, and
understanding how simulations incorporate science theory in their underlying computational
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models are additional ways that technology is an essential tool for the full implementation of
the CA NGSS. Specifically, students engaged in computer modeling and simulation use the
engineering design cycle as they iteratively develop and refine their models and exemplify
how technology is an essential tool in modern scientific investigation. As students develop a
deeper understanding of and ability to reason with data, the level of complexity in technology
use and of students’ capacity for computational thinking progresses with each grade level.
The need for creating more sophisticated analysis tools, including coding capability, increases
as students engage in understanding phenomena that are characterized by large data sets
or complex relationships between multiple variables. Because computer models are written
in code, the creation, modification, and inspection of computer models can be achieved if
students are provided with age-appropriate computer science instruction that enables them
to read and edit the code. Organizations and programs such as Code.org (http://www.cde.
ca.gov/ci/sc/cf/appx3.asp#link1), Santa Fe Institute’s Project GUTS (http://www.cde.ca.gov/
ci/sc/cf/appx3.asp#link2), and Northwestern University and NetLogo (http://www.cde.
ca.gov/ci/sc/cf/appx3.asp#link3) provide valuable free resources that create opportunities for
students to develop new or use existing computational models and simulations of systems in
the context of life, physical, and Earth sciences aligned to the CA NGSS.
It is important to note, however, that computer simulations should be used to aid and
extend students’ understandings of scientific concepts and should not completely replace
the hands-on experience of interacting with a real experiment and making sense of real
data. The Bifocal Modeling (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link4) project from
Stanford University is an example of how to develop experiences for students through the
parallel use of real experiments and computational models of the same experiment (see
figure app 3.1). These activities allow students to learn scientific content while deepening
their modeling skills, facility with scientific instrumentation, computational thinking,
and understanding of how science builds knowledge and engineering solves problems
(Fuhrmann et al. 2012; Salehi et al. 2013). Whenever possible, teachers should emphasize
the existing discrepancies between a simulation and a real experiment to emphasize the
limitations, accuracy, and credibility of both simulation and experiment.
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Figure App 3.1: Representation of the Bifocal Modeling Framework from Stanford
University

Source: Transformative Learning Technologies Lab 2013

Effective science instruction in K–12 uses technology to teach and engage students,
assess students’ demonstration of knowledge in multiple formats and media, increase their
technological and scientific literacy, and engage students as young computational scientists.
Even in elementary grades, there are many valuable teaching tools and resources accessible
through computers, tablets, or even cell phones. Choosing how and when to use such
tools and resources are important elements of instructional planning. Too often students
experience technology as end-users or consumers of products made by others. In science,
students should not be trained to blindly accept the models and theories put forth by others
as black boxes, but instead should use technology to its fullest potential as a tool.
Curriculum developers also need to attend to the technological and computational
elements. They should ensure that curriculum incorporates high-quality resources that
engage students as creators of models who can run simulations and, as needed, use
appropriate computer-linked measurement probes. Curriculum should also provide links
to quality open-source materials and pedagogical supports for teachers to effectively
incorporate these technological tools and resources throughout their instruction.
Finally, all science educators should leverage the increased use of technology included
in the CA CCSSM and the CA CCSS for ELA/Literacy. For example, searches for information
through the Internet, evaluation of the reliability of informational resources, and
interpretation of data available through external databases are all important components of
obtaining, evaluating, and communicating information. These technology-related skills are
equally important in the context of CA CCSSM and the CA CCSS for ELA/Literacy as they are
for the CA NGSS. All teachers, not only science teachers, should take advantage of skills that
students develop across multiple disciplines and should support the ongoing development of
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these skills. This includes the development and use of computational and technology-based
tools in multiple contexts and learning environments.

Description of the Vignettes
The vignettes presented below are examples of how teaching and learning may look
in the classroom when the CA NGSS are implemented. The purpose of the vignettes is
to illustrate how a teacher engages students in three-dimensional learning by providing
students with the opportunity to engage in the science and engineering practice (SEPs)
of computational thinking and the crosscutting concepts (CCCs) of systems and system
models to understand disciplinary core ideas (DCIs) . It is important to note that the
vignettes focus on a limited number of performance expectations. They should not be
viewed as showing all instruction necessary to prepare students to fully achieve these
performance expectations. Neither do they indicate that the performance expectations
should be taught one at a time.
The vignettes assume that the students have completed a multi-day introductory
sequence in computer modeling and simulation (e.g., Module 1 of the Code.org Computer
Science in Science curriculum at http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link5) so that
they have the skills required to perform the expected modeling. Students will need basic
skills in reading and modifying computer codes. They will need to interpret an existing base
model and make modifications to it by adding new codes or altering the ones that exist.

Structure of the Vignettes
The vignettes that follow describe a series of instructional modules and the CA NGSS
performance expectations (PEs) they meet. Each module follows a common trajectory
across five 50-minute lessons and uses the 5E learning approach. In the first lesson,
students participate in an experience that grounds their knowledge and/or stimulates prior
knowledge on the topic (Engage). In the second lesson, students inspect the base model
to learn about the elements in the model and how the behaviors and interactions of those
elements are implemented. Then the students design and run an experiment of their
choice (Explore). In the third lesson, students first modify the base model to add a variable
and then experiment with changing a variable and analyzing the impact the change has
on the system (Explain). In the fourth lesson, students brainstorm how to customize the
model to answer new questions. Then students design new experiments, and implement
the customized model (Extend). Finally, in the fifth lesson, students test their models, run
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controlled experiments with the new model as a testbed, collect and analyze data, and
share findings with classmates (Evaluate). Two optional days are included so that students
can further develop models to investigate human impacts on the system and design,
implement, and test mitigation strategies. The 5E learning approach parallels the science
and engineering practices (SEPs) of CA NGSS in many ways but applies them from the
perspective of lesson design. While SEPs should be shared explicitly with students, the 5Es
are only for the benefit of the teacher.
Day 1: Introduction to the
module (Engage)
Students participated in an
experience that grounded
their knowledge and/or
stimulated prior knowledge on
the topic.

Day 2: Decoding and using
the base model to run
experiments (Explore)
Students inspected the base
model to learn about the
implementation of behaviors
and interactions. Then the
students designed and ran an
experiment of their choice.

Day 3: Modifying the base
model and investigating
the impact of changing
variables (Explain)
Students experimented with
changing a variable and
witnessing the impact the
change had on the system.

Day 4: Extending the
model and running an
experiment (Extend)
Students added a feature
to the modeled system and
designed an experiment to
investigate the impact of
the addition on the system.
Then they used their model
to run controlled experiments
and tracked the outcomes of
subsequent runs of the model.

Day 5: Testing and
evaluation of the model
(Evaluate)
Students tested their models
and considered whether
their models were working
and reflected the real-world
phenomenon.

Days 6–7 (optional):
Computational science &
engineering challenge
Students designed and
implemented models to
investigate human impacts
on the system and/or test
strategies that might mitigate
system disruption caused by
humans.

Note that each of the three modules described below engaged students in the eight
science and engineering practices outlined in the National Research Council’s A Framework
for K–12 Science Education (2012) and fulfill specific CA NGSS performance expectations.
Additionally, computer modeling and simulation present a concrete way to make explicit
the links between science and engineering. Computer models are engineered designs
expressed in computer code. Students engage in computer modeling and simulation using
the engineering design cycle as they iteratively design, implement, and refine their models.
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MIDDLE GRADES EARTH AND SPACE SCIENCE COMPUTER SCIENCE VIGNETTE
APPENDIX 3.1: GREENHOUSE GASES IN THE MIDDLE GRADES

By Irene Lee, Director, Project GUTS, Research Scientist, MIT Scheller Teacher
Education Program/Education Arcade
Performance Expectations
Students who demonstrate understanding can do the following:
MS-ESS3-3. Apply scientific principles to design a method for monitoring and minimizing a
human impact on the environment.* [Clarification Statement: Examples of the design process
include examining human environmental impacts, assessing the kinds of solutions that are
feasible, and designing and evaluating solutions that could reduce that impact. Examples of
human impacts can include water usage (such as the withdrawal of water from streams and
aquifers or the construction of dams and levees), land usage (such as urban development,
agriculture, or the removal of wetlands), and pollution (such as of the air, water, or land).]
MS-ESS3-4. Construct an argument supported by evidence for how increases in human
population and per-capita consumption of natural resources impact Earth’s systems. [Clarification
Statement: Examples of evidence include grade-appropriate databases on human populations
and the rates of consumption of food and natural resources (such as freshwater, mineral,
and energy). Examples of impacts can include changes to the appearance, composition, and
structure of Earth’s systems as well as the rates at which they change. The consequences of
increases in human populations and consumption of natural resources are described by science,
but science does not make the decisions for the actions society takes.]
MS-ESS3–5. Ask questions to clarify evidence of the factors that have caused the rise in global
temperatures over the past century. [Clarification Statement: Examples of factors include human
activities (such as fossil fuel combustion, cement production, and agricultural activity) and natural
processes (such as changes in incoming solar radiation or volcanic activity). Examples of evidence
can include tables, graphs, and maps of global and regional temperatures, atmospheric levels of
gases such as carbon dioxide and methane, and the rates of human activities. Emphasis is on the
major role that human activities play in causing the rise in global temperatures.]
MS-ETS1-1. Define the criteria and constraints of a design problem with sufficient precision
to ensure a successful solution, taking into account relevant scientific principles and potential
impacts on people and the natural environment that may limit possible solutions.
MS-ETS1-2. Evaluate competing design solutions using a systematic process to determine how
well they meet the criteria and constraints of the problem.
MS-ETS1-3. Analyze data from tests to determine similarities and differences among several
design solutions to identify the best characteristics of each that can be combined into a new
solution to better meet the criteria for success.
MS-ETS1-4. Develop a model to generate data for iterative testing and modification of a
proposed object, tool, or process such that an optimal design can be achieved.
* The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking questions and
defining problems

ESS3.C: Human Impacts
on Earth Systems

[SEP-2] Developing and using
models

ESS3.D: Global Climate
Change

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-4] Analyzing and interpreting
data

ETS1.A: Defining and
Delimiting Engineering
Problems

[SEP-6] Constructing explanations
and designing solutions
[SEP-7] Engaging in argument
from evidence

[CCC-7] Stability and
Change

ETS1.B: Developing
Possible Solutions
ETS1.C: Optimizing the
Design Solution

Highlighted California Environmental Principles & Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle III Natural systems proceed through cycles that humans depend upon, benefit from
and can alter.
Principle V Decisions affecting resources and natural systems are complex and involve many
factors.
CA CCSS Math Connections: 7.RP.2c–d; MP 1, 3, 6
CA CCSS for ELA/Literacy Connections: SL.6–8.1a–d, 4, 5; RST.6–8.3, 9; WHST.6–8.1
CA ELD Connections: ELD.PI.6–8.1, 5, 6a–b, 9, 10, 11a
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Introduction
Motivated by computing their own carbon footprint and learning about greenhouse effect,
students apply and refine their existing model about Earth’s energy balance. As budding
computational-enabled scientists, students articulate the mechanisms by which human
activities alter the local climate system and ultimately design mitigation strategies to reduce
that impact.
The goal of this vignette is to clarify what is known about climate change, what scientists
believe is happening, and how changes in climate impact our environment and species
by acting as computational scientists. The students learn to use, modify, and customize a
computer model of the build-up of greenhouse gases and its impact on the climate. As in
many scientific endeavors, the students are challenged to be precise with their scientific
language, to be explicit in describing their conceptual models, and to revise their models as
new evidence is produced. As computational scientists, students learn to represent conceptual
models by decoding, using, modifying, and creating computer models. As students gain
experience with computational thinking, modeling and simulation, and data analysis—scientific
practices key to the CA NGSS—they gain a better understanding of the DCIs and CCCs.
Length and position in course: This vignette describes one week of instruction based on
Project GUTS’ Computer Science (CS) in Science module on greenhouse gases. This module
describes how computer models can be developed, used, and analyzed in the context of
studying Earth-atmosphere systems. Activities related to the urban heat islands (HS) and the
albedo effect will naturally follow from this vignette because this module sets the stage for
understanding feedback loops in complex systems.
This vignette could support and extend students’ existing models [SEP-2] of Earth’s
energy balance or provide students initial exposure to the factors that affect a system’s
temperature (that could later be extended to the global scale [CCC-3] of Earth’s climate).
Prior knowledge. This vignette assumes that students have completed a multi-day
sequence introducing computer modeling and simulation (such as module 1 of the Code.org
Computer Science in Science curriculum). Students need basic skills in reading and modifying
computer codes. They need to interpret an existing base model and make modifications to it
by adding new codes or altering the ones that exist. While this vignette provides opportunities
to practice those skills, they are not specifically addressed in this lesson outline.
Teacher background—The Greenhouse Effect
The physics behind the greenhouse effect is well understood. Solar radiation passes
through the clear atmosphere. Although some of the radiation is reflected by the Earth and
the atmosphere, most is absorbed by Earth’s surface. Some of the infrared radiation passes
through the atmosphere and some of it is absorbed and re-emitted in all directions by
greenhouse gas molecules. The energy that is absorbed warms the Earth’s surface and the
lower atmosphere.
Certain naturally occurring gases, such as carbon dioxide (CO2) and water vapor (H2O),
trap heat in the atmosphere causing a greenhouse effect. Burning fossil fuels—like oil, coal,
and natural gas—adds CO2 to the atmosphere. There is now more CO2 in the atmosphere
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than at any time in the past 650,000 years. The Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (Intergovernmental Panel on Climate Change
2007) concluded that “most of the observed increase in the globally averaged temperature
since the mid-twentieth century is very likely due to the observed increase in anthropogenic
(of human origin) greenhouse gas concentrations.”
5E Lesson Design. This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter for tips on implementing 5E lessons.
Day 1: Introduction to Climate Change and the Greenhouse Gases Base Model
(Engage)
Students calculate their personal carbon footprint and begin to consider how their
everyday actions contribute to greenhouse gas emissions. Then they observe and interact
with the computer model of greenhouse gases.
Day 2: Decoding and using the Greenhouse Gases Model to Run Experiments
(Explore)
Students examine and decode the computer model then interpret what mechanisms were
implemented. Then they run the model to illustrate a simple experiment.
Day 3: Modifying the Base Model and Investigating the Albedo Effect (Explain)
Students add an albedo slider and design an experiment to investigate the impact of
changing the Earth’s albedo. Then they use the model to run experiments by changing the
variable albedo in subsequent runs of the model.
Day 4: Adding CO2 to the Model (Extend)
Students reflect on their carbon footprints and then extend the base model to incorporate
human CO2 production.
Day 5: Testing and Evaluation of the Model (Evaluate)
Students consider whether their models are working and reflect the real-world
phenomenon of greenhouse gases.
Days 6–7 (optional): Computational Science and Engineering Challenge
Students design potential mitigation strategies and implement them in their model. They
test the strategy within the model and examine its impact.
Day 1: Introduction to Climate Change and the Greenhouse Gases Base Model
(Engage)
Ms. P. engaged students in a discussion of climate change and greenhouse gases
stimulated by watching an Environmental Protection Agency (EPA) video called The
Greenhouse Effect and completing an online activity. The short video served to provide
discussion points and introduced key concepts related to climate change. In the online activity,
students navigated to an online Carbon Footprint Calculator on the EPA Web site and used the
calculator to gain an understanding of how their everyday actions contribute to greenhouse
gas emissions. Next they considered ways of reducing their carbon footprint. Ms. P asked the
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students, “Who is saving more carbon and why?” and “What is the easiest change to make
that will reduce carbon emissions and why?” inviting students to link their own experience
with the topic of the unit.
Investigative phenomenon: Changing the amount of greenhouse gas in the
atmosphere alters the temperature of the Earth.

Next, Ms. P. opened the StarLogo Nova base model of greenhouse gases and used the
projector to demonstrate how it works to the class. Students were shown how to use the
“setup” and “run forever” buttons to reset and run the model. Ms. P asked students to tell
her what to do next and to interpret what they were seeing when the model was run. She
asked, “What are the elements in this model?” and heard that the model contains a Sun,
solar radiation, reflected solar radiation, and infrared radiation. Ms. P asked, “When the model
was run or executed what happened?” and heard various interpretations of what was seen,
including, you hit the “show graph” button and the temperature showed a big increase,”
“The world continued to get hotter,” and “The temperature continued to jump around.” After
running the model several times and comparing [SEP-4] the pattern [CCC-1] of temperature
change generated by the model, students wrote a summary statement, “Temperature
increased for a while then stayed around the same temperature.” Ms. P explicitly drew their
attention to stability and change [CCC-7] , noting that it is common for systems to stabilize
after experiencing a change. Ms. P also noted that each run of the computer model produced
slightly different results, which led to a discussion of what computer models are good for and
how they can help us understand climate impacts (ESS2.D).
Day 2: Analysis and Use of the Greenhouse Gas Model to Run Experiments (Explore)
In the first activity of this lesson the students reviewed familiar code blocks prior to
inspecting the model’s code. Ms. P assigned partners to work together and then assigned
each pair a segment of the model’s code to examine and decode. Students used a graphic
organizer called a “model observation form” to document what each of the assigned
procedures did to simulate the behavior of the Sun, Solar Energy, Heat, Reflected Energy, or
The World. After five minutes of decoding, Ms. P asked the students to share their findings.
Following each pair’s reporting about what mechanisms or behaviors were implemented in
the algorithms, Ms. P asked if students had other interpretations of what the code does. Any
dissension was resolved by looking closely at the source for evidence [SEP-7] —the code
itself. Ms. P concluded the activity by discussing the main program loop and execution order.
She had students draw a diagram mapping out the sequence of the different procedures and
sub-procedures. She then had students enact their diagram as a physical model with pairs of
students moving around the room from one procedure to the next to the next to simulate the
execution of the code starting with the pressing of the setup button.
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Investigative phenomenon: Different surfaces reflect different amounts of energy,
which alters the temperature of the Earth.

In the second activity of this lesson, students learned how to use the model to run an
experiment [SEP-3] by changing the variable related to albedo. During their decoding,

students noted the procedures that simulate the behavior of solar radiation as it reaches the
Earth. Ms. P made sure that students could relate this computer code to the flow of energy
[CCC-5] in the physical situation by asking, “What happens to the solar energy when it hits
the ground?” Students responded that “Some of the time, the solar energy turns into reflected
energy and heads out into space (the yellow dots). Other times it shows up as infrared
radiation (red dots, “heat”). The temperature of the Earth is determined by how many “heat
agents” there are floating around.” In the base model the code was set so that “60 percent
of the time, the radiation is simply reflected back to space, but 40 percent of the time “heat”
is generated, causing the temperature to increase.” Ms. P asked, “Do you think there are
some surfaces that reflect more solar energy than others?” She pointed to how different
colors of cars seem to get warmer faster. Students responded that perhaps this “albedo”—the
reflectivity of surfaces—depends on the surface type. Ms. P drew the real-world connection to
ice and snow that are much lighter in color than other Earth surfaces and reflect more solar
energy. She then asked, “What do you think would happen if more solar energy were reflected
instead of turning into heat?” Students wrote down their prediction. Next, students located
this variable in the code, changed the variable to represent a different surface, and started
the model again. She assigned some students to mimic a snowy surface with lighter colors
while other students represented a darker colored surface such as ash after a forest fire.
Ms. P asked the students to compare and analyze [SEP-4] the results of their model
runs and to determine whether their prediction was correct. Students found that an albedo
higher than 60 caused [CCC-2] more solar radiation to reflect off the Earth’s surface and
the overall temperature was lower than the base case. An albedo lower than 60 caused
more solar radiation to be absorbed and converted to infrared radiation, and the overall
temperature was higher.
Day 3: Modification of the Base Model and Investigation of the Albedo Effect
(Explain)
In the third activity, students added new computer code to create a slider on the
user interface panel that adjusted the albedo variable, and then designed and ran more
experiments using the slider to control the albedo. Students then posed questions [SEP-1]
about the effect of albedo on the climate model and reflected on the real-world implications of
their discoveries. The model allowed them to answer all sorts of “what-if” questions. A graphic
organizer Ms. P called an “experimental design form” guided students to develop scientific
questions that they could investigate using their model. Along with scaffolding, the form then
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helped the students see the need to use trials and to clearly identify the variables.
Students designed and ran their experiment in pairs after specifying which variable they
would change, within what range, and how many trials at each setting. They used the
instrumentation in the model (the graph and the data boxes) to monitor temperature under
the different scenarios; students recorded the data from the graph. Then they analyzed
[SEP-4] the results of their experiments, documented the patterns [CCC-1] in their findings,
and used these as evidence to support a claim explaining [SEP-6] one aspect of the system.
Ms. P used direct instruction to introduce feedback loops, an advanced form of cause
and effect mechanisms [CCC-2] . She described a feedback loop as a closed system in which
outputs become inputs to the system.
There are two kinds of feedback: reinforcing (or positive) and balancing (or negative).
Reinforcing feedbacks amplify or accelerate a change away from a starting point
whereas balancing feedback dampens, slows down, or corrects a change in a system
that is moving away from the starting point. There are many feedback loops in
the global climate system. Some are not very well understood yet, and there are
probably many feedback loops that we haven’t even recognized yet. One well-known
feedback loop describes the effect that melting ice caps and glaciers will have on
climate change. As the temperature rises, ice will melt, and there will be fewer white,
reflective surfaces on the planet, decreasing the planet’s albedo and causing it to
absorb more solar radiation, which will heat the planet up even more.
Finally, students were asked to think of ways to improve the model, based on what they
have learned about climate change, greenhouse gases, and human contributions to the increase
of CO2. (Notably, the greenhouse gases were missing from this greenhouse gas model!)
Day 4: Addition of CO2 to the Model (Extend)
Investigative phenomenon: Changing the amount of greenhouse gas in the
atmosphere alters the temperature of the Earth. (Revisited in more detail from day 1.)

Ms. P started off the day by asking, “Do humans produce greenhouse gases?” referring
back to the activity from day 1, the carbon footprint activity (ESS 3.D). She then proceeded to
ask students how CO2 could be added to the base model. Students suggested adding to the
model a factory that emits CO2 into the atmosphere. Students were then tasked with modifying
the Greenhouse Gas base model by adding a factory that emits CO2 to answer the question,
“Does adding CO2 affect the temperature?” Ms. P had students review the greenhouse effect
from day 1 by sketching a model [SEP-2] of the energy flow [CCC-5] in the system [CCC-4]
that included solar radiation, infrared radiation, and greenhouse gases (ESS 3.D).
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Ms. P asked students to join her in thinking about factories emitting CO2 and the essential
parts that should be included in the model, reminding them to “keep it simple!” Students
decided they wanted to add a factory that emitted a lot of CO2 while it was operating. Calling
on prior knowledge, they decided that the CO2 should come out of the factory and rise in
the atmosphere. As it lingered, it would block heat from escaping and eventually it would be
absorbed by growing plants or washed out of the atmosphere (CO2 dissolves in rain water).
Ms. P helped them to see the analogy between releasing CO2 and creating new agents in
their previous models. Then she provided students with a progress monitor that included the
following tasks: add a breed for the H2O factory; use the create-and-do code block to create
a factory and position it in the environment; add a breed for CO2; and give the CO2 agents
new behaviors. After CO2 had been added, Ms. P guided the students in assigning the CO2
behavior related to hovering and leaving the atmosphere. She expressed in pseudo-code the
description of the behaviors and then asked the students to try their hand at implementing
those behaviors. “In the hover procedure, have the CO2 move upwards a small amount at
each time step, until it reaches a height of 12. Once there, it should just move randomly while
maintaining the same height. To simulate ways that CO2 leaves the atmosphere and cycles
[CCC-5] into other parts of the Earth system, they set a probability that CO2 would be deleted
a small fraction of the time (0.1 percent of the time).” Ms. P reminded the students about the
engineering cycle and the need to incrementally make changes and test the model frequently.
To make responding to student questions occur in a timely manner and to develop student
self-sufficiency as learners while coding, Ms. P employed three tactics. The first was to use
pair programming; the second was to use green, yellow, and red cups for signaling status;
and the third was to employ an “ask-three-then-me” method of problem solving. In pair
programming, one student played the role of the driver, who wrote code while the other, the
navigator, made suggestions and reviewed the code as it was entered. The two programmers
switched roles frequently. This practice encouraged communication between members of
the pair and collaborative problem solving. Colored cups were useful to quickly take the
temperature of the room. Red cups signaled that the students were stuck and could not move
forward, yellow cups signaled that the pair was experiencing difficulty but was trying various
solutions, and green cups signaled that all was well with the pair. Since the cups were visible
to all, students who were ahead could locate and help pairs that were stuck. Finally, the “askthree-then-me” tactic encouraged students to ask for suggestions from other students rather
than running to the teacher for help. When these three tactics were incorporated into the
classroom culture, students learned more quickly and became more self-sufficient.
Day 5: Testing and Evaluation of Models (Evaluate)
Investigative phenomenon: The amount of greenhouse gases in the air changes
over time.

2016 California Science Framework

Appendix 3

1693

Computer Science in Science

MIDDLE GRADES EARTH AND SPACE SCIENCE COMPUTER SCIENCE VIGNETTE
APPENDIX 3.1: GREENHOUSE GASES IN THE MIDDLE GRADES
To test if their model was working as expected, students added some instrumentation to
determine how much CO2 was in the atmosphere initially and whether or not it declined over
time. Once students implemented their code and tested it, students designed an experiment
to determine the impact of altering the amount of CO2 entering the system from the factory.
Ms. P related their work to that of professional scientists who evaluate and test their
computer models. First they want to see if the code is doing what they intend or whether it
contains bugs (verification). Next, they want to see if running the model produces outcomes
that mimic the real-world phenomenon they modeled (validation).
Prior to having the students develop and conduct their own experiment, Ms. P gave an
example of an experiment students could conduct: “Run the experiment for 400 ticks without
the factory emitting CO2. Pause the simulation. Write down the temperature from the data box.
Then start the factory running and start the simulation running. Now that CO2 is being emitted,
run the simulation for 400 ticks. Pause the simulation and record the temperature. Repeat
this process six more times recording the temperature at each 400 ticks.” Ms. P showed how
students should record the experimental design and data on their experimental design form.
Students then developed and ran their own experiments. They recorded their experiment
and findings on a new experimental design form. After they had graphed their model results,
Ms. P asked the students if they noticed any trends [CCC-1] : “Did temperature increase,
decrease, or stay the same over time? What can you say now about the relationship between
the production of CO2 and local temperature?”
After collecting their data, students communicated [SEP-8] their experiment and their
findings, and proposed an explanation [SEP-6] for the data [SEP-4] . As they presented
their findings, they had to account for any unexpected variations and construct an argument
[SEP-7] about the cause and effect relationship [CCC-2] between CO2 and temperature
(e.g., the production of CO2 is an important determiner of temperature, increases in CO2
production turned out to be unimportant, or that an unintended variable interfered with the
ability to conclude either way).
Next, she asked students how they could determine whether the outcome of running the
model mirrored what was happening in the real world. She led a discussion of how the model
was similar to and different from the real world and to what extent a model like this could be
used to learn about the real world.
Days 6–7 (optional): Computational Science and Engineering Challenge
Investigative problem: How can we reduce the impacts of human activity on the
climate?

This optional two-day extension enabled students to design mitigation strategies [SEP-6]
and then implement and test the strategies within a greenhouse gases model to determine
their potential impact. Students designed their own alterations to the Greenhouse Gases
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project consisting of a mitigation strategy, a question, an experimental design, and a model.
Students isolated and developed their strategy for mitigating CO2 production (e.g., increase
public transportation use, decrease car usage) considering a range of factors (e.g., commuting
options, availability of different options in rural vs. urban communities), and identified the
changes they would need to make to their greenhouse gases model. This led to a second
activity in which they designed and implemented their model, then used the model as an
experimental testbed to assess the impact of the mitigation strategy they proposed.

Vignette Debrief
Computer models provide a complete framework for teaching science. With computational
modeling and simulation, students are able to ask “what-if” questions [SEP-1] . They act
as both theorists and experimentalists. When students develop models [SEP-2] , they have
to think about the underlying processes. The models allow students to plan and conduct
investigations [SEP-3] that test and isolate different cause and effect relationships [CCC-2] .
Because models run quickly, students could obtain a large amount of data to analyze [SEP-4]
for patterns [CCC-1] . The models also serve as a focal point for argument based on evidence
[SEP-7] . Students have to address the limitations of the model, the assumptions made, and
work together to determine the explanatory power of the model. Throughout this vignette, Ms.
P promotes meta-thinking about the nature of models. She encourages skepticism and dialog
by asking, “In what ways did it reflect the real world? In what ways was it lacking?” and “Would
you trust this model if your life depended on it?” Students describe how they would decide if the
model were realistic enough to be used to make predictions of the future.
SEPs. Students perform two investigations [SEP-3] of the impact of increasing CO2
production on local temperature at a range of scales [CCC-3] , they ask questions [SEP-1]
about what would be the impact of adding new sources of CO2. They analyze their data
[SEP-4] to help figure out the relationship between different components in the system
[CCC-4] they studied. They use these relationships to analyze a model [SEP-2] of the
system. They use the data from their investigations along with the reasoning of their model
to construct an explanation [SEP-6] about the causes [CCC-2] of climate change. In the
Computational Science and Engineering design challenge, they employ engineering practice
by defining the parameters of the problem [SEP-1] and designing solutions [SEP-6] .
They then created a compelling argument [SEP-7] that their design was an effective way
to mitigate human impacts on local temperature. Students briefly explore the results of
their computational science [SEP-5] projects that investigate mitigation strategies to combat
climate change.
DCIs. The greenhouse gas effect is a tangible example of human impacts on Earth
systems (ESS3.C) and a microcosm of the entire energy balance in the global climate system
(ESS2.D). Students begin to characterize variations in Earth materials (reflectivity) and the
impact of these variations (ESS2.A), then explore the role of human behavior in Earth’s
systems. This vignette extended part way into the high school level of understanding of global
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climate. In the middle grades, students are supposed to ask questions about what causes
temperature changes, but they are not to be assessed about the details of the greenhouse
effect until high school.
CCCs. Students apply the crosscutting concept of systems and system models [CCC-4]
to represent the flow of energy [CCC-5] and the interactions between energy and matter.
Students look for patterns [CCC-1] in temperature data [SEP-4] to test for cause and
effect [CCC-2] relationships between CO2 production and local temperature. They learn to
question the validity of the model [SEP-2] and consider what it can and cannot tell us about
the real world. Feedback loops provided an example of where the line between cause and
effect [CCC-2] blurs. While feedback loops are essential for a complete understanding of
Earth’s climate, feedback mechanisms are a high school level of understanding of CCC-2 that
goes beyond the baseline level expected of middle grade students.
EP&Cs. Climate change affects the welfare of humans in their everyday lives, and students
discover that some of the potential solutions to the problem involve changes in human
behavior (EP&C I, II). The bulk of the modeling focuses on understanding Earth’s cycles and
how humans alter them (EP&C III). On days 6–7, students really dig into the complexity of
solutions (EP&C V).
CCSS Connections to English Language Arts and Mathematics: Throughout the
vignette, students participated in several small-group and whole-class discussions (SL.6–
8.1a–d, 4, 5). They gathered information from several sources (RST.6–8.3, 9) to make
scientific arguments supported by evidence (WHST.6–8.1). Coding provided an excellent
example of reasoning quantitatively (MP.2) and modeling using mathematics (MP.4). The
students participate in a coding exercise and simulation to answer the question “Does adding
CO2 affect the temperature?” (7.RP.2c-d).
Resources
Several of the activities described in this vignette were adapted from other sources and
are cited within. Please refer to them for more detail.
The Project GUTS Introduction to Computer Modeling and Simulation module is available
at http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link6.
The Project GUTS Climate Change module is available at http://www.cde.ca.gov/ci/sc/cf/
appx3.asp#link7.
Historical temperature data can be viewed http://www.cde.ca.gov/ci/sc/cf/appx3.
asp#link8.
See the Intergovernmental Panel on Climate Change (IPCC) document “Climate Change
2007: The Physical Basis” for details of the 24 different climate models used to study climate
change.
For more information on climate change, go to the Web site: http://www.cde.ca.gov/ci/sc/
cf/appx3.asp#link9.
The Online Carbon Footprint Calculator is available on the EPA Web site: http://www.cde.
ca.gov/ci/sc/cf/appx3.asp#link10.
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High School Life Science Vignette: Ecosystems as Complex Systems
HIGH SCHOOL LIFE SCIENCE COMPUTER SCIENCE VIGNETTE APPENDIX 3.2:
ECOSYSTEMS AS COMPLEX SYSTEMS IN HIGH SCHOOL

By Irene Lee, Director, Project GUTS, Research Scientist, MIT Scheller Teacher
Education Program/Education Arcade
Performance Expectations
Students who demonstrate understanding can do the following:
HS-LS2-1. Use mathematical and/or computational representations to support explanations of
factors that affect carrying capacity of ecosystems at different scales. [Clarification Statement:
Emphasis is on quantitative analysis and comparison of the relationships among interdependent
factors including boundaries, resources, climate and competition. Examples of mathematical
comparisons could include graphs, charts, histograms, and population changes gathered from
simulations or historical data sets.] [Assessment Boundary: Assessment does not include
deriving mathematical equations to make comparisons.]
HS-LS2-2. Use mathematical representations to support and revise explanations based on
evidence about factors affecting biodiversity and populations in ecosystems of different scales.
[Clarification Statement: Examples of mathematical representations include finding the average,
determining trends, and using graphical comparisons of multiple sets of data.] [Assessment
Boundary: Assessment is limited to provided data.]
HS-LS2-6. Evaluate the claims, evidence, and reasoning that the complex interactions in
ecosystems maintain relatively consistent numbers and types of organisms in stable conditions,
but changing conditions may result in a new ecosystem. [Clarification Statement: Examples of
changes in ecosystem conditions could include modest biological or physical changes, such as
moderate hunting or a seasonal flood; and extreme changes, such as volcanic eruption or sea
level rise.]
HS-LS2-7. Design, evaluate, and refine a solution for reducing the impacts of human activities
on the environment and biodiversity.* [Clarification Statement: Examples of human activities can
include urbanization, building dams, and dissemination of invasive species.]
HS-LS2-8. Evaluate the evidence for the role of group behavior on individual and species’
chances to survive and reproduce. [Clarification Statement: Emphasis is on (1) distinguishing
between group and individual behavior, (2) identifying evidence supporting the outcomes of
group behavior, and (3) developing logical and reasonable arguments based on evidence.
Examples of group behaviors could include flocking, schooling, herding, and cooperative
behaviors.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
* The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

LS2.A Interdependent
Relationships in
Ecosystems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-6] Constructing Explanations
and Designing Solutions

LS2.C Ecosystem
Dynamics, Functioning,
and Resilience

[CCC-3] Scale, proportion,
and quantity

[SEP-7] Engaging in Argument
from Evidence

LS2.D: Social Interactions
and Group Behavior

[SEP-5] Using Computational and
Mathematical Thinking

ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing
Possible Solutions

[CCC-4] Systems and
System Models
[CCC-7] Stability and
Change
Connections to
Engineering, Technology,
and Applications of
Science
Influence of Science,
Engineering, and
Technology on Society
and the Natural World

Significant Connections to California’s Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal, and marine
ecosystems are influenced by their relationships with human societies.
CA CCSS Math Connections: S-IC.1,2,5,6
CA ELD Connections: ELD.PI.11–12.1,5,6a–b,9,10,11a
CA CCSS for ELA/Literacy Connections: SL.9–12.1a–d,4,5; RST.9–12.3,9 WHST.9–12.1
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Introduction
This life science vignette begins with an exploration of a simple predator–prey model
to consider who eats whom—and what happens when one population grows faster than
another. The goal of this vignette is to make these concepts come to life through computer
modeling and simulation and develop a better understanding of ecosystem dynamics by acting
as computational scientists. After learning more about ecosystem dynamics, producers and
consumers, and interdependent relationships within an ecosystem, students develop their
own model of a local ecosystem. As students use, modify, and create an agent-based model
of a simple virtual ecosystem, they deepen their understanding of ecosystems concepts. As
in many scientific endeavors, the students are challenged to be precise with their scientific
language, to be explicit in describing their conceptual models, and to revise their models as
new evidence is produced. As computational scientists, students learn to represent conceptual
models by decoding, using, modifying, and creating computer models. As students gain
experience with computational thinking, modeling and simulation, and data analysis—scientific
practices key to the CA NGSS—they gain better understanding of the DCIs and CCCs.
Length and position in course. This vignette describes one week of instruction based
on Project GUTS’ Computer Science in Science module on Ecosystems. This module describes
how computer models can be developed, used, and analyzed in the context of studying
ecosystems as complex systems. Teachers need to select an anchoring phenomenon related
to ecosystem dynamics in their local habitat, such as a news article about a recent increase in
neighborhood coyote sightings or a sudden decrease in butterfly migration.
Prior knowledge. This lesson assumes that the teacher had already introduced
ecosystems concepts such as (a) the definition of an ecosystem, (b) indirect interactions within
ecosystems, (c) direct interactions between organisms in ecosystems, (d) food chains and
food webs, (e) energy flows in ecosystems, (f) trophic levels, and (g) biomass in ecosystems.
It is necessary to have completed the six-day sequence introducing computer modeling and
simulation (such as module 1 of the Code.org Computer Science in Science curriculum) prior
to commencing this module so that students have the necessary skills to perform the modeling
required in this module. Students need basic skills in reading and modifying computer codes.
They need to interpret an existing base model and make modifications to it by adding new
codes or altering the ones that exist. While this vignette provides opportunities to practice
those skills, they are not specifically addressed in this lesson outline.
Teacher background. Ecosystems as complex systems.
One of the main characteristics of a complex system is that the behavior of some aspects
of the system, seen as a whole, does not necessarily follow directly from an understanding of
how the individual “parts” of the system work. Another characteristic of most complex systems
is feedback: as the system changes, the new state of the system affects the way in which the
system changes in the future. For example, if we look at the ecosystem of fish in a pond where
fish are not being consumed by predators, we see that as the population approaches the
carrying capacity of the pond, the rate of eggs hatching and maturing to adulthood decreases.
This is often through increased cannibalism as other food sources become scarce; it also
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happens when other required resources are limited (e.g., oxygen in the water). So the increase
in the fish population leads to a reduction in the necessary resources available to each member
of the population, which in turn leads to moderation in the rate of increase in the population.
(This type of feedback is called a balancing feedback in this framework.) This interaction
balances the change and causes the population growth curve to stabilize.
Another important feature of complex systems is that relationships are nonlinear: small
changes at one moment may result in disproportionately large changes later on. Ecosystems
often demonstrate this feature: we might have relative stability in the populations of a number
of species, but then a brief spike or dip in one can produce a chain reaction of changes in the
other populations, sometimes with serious results. Possibly most important, ecosystems often
demonstrate emergent behavior. This is related to the first point, where the overall behavior
turns out not to be obvious from the component behavior. In an aquatic ecosystem, simply
knowing that fish eat plankton and shark eat fish does not tell us much (beyond giving us a
general sense) about the patterns in the respective populations over time—we really need to
study the ecosystem as a whole. This illustrates that ecosystems are usually complex systems,
as well.
5E Lesson Design. This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter in this framework for tips on implementing 5E lessons.
Day 1: Introduction to Ecosystems as Complex Systems (Engage)
Students experienced population growth and limits to growth through a participatory
simulation that reinforces the ecosystem concept of a carrying capacity. Then students
previewed a simple ecosystem model and tried to maintain artificial populations within the
modeled ecosystem.
Day 2: Decoding and using the Rabbits and Grass Base Model to Run Experiments
(Explore)
Students inspected the Rabbits and Grass model to learn about the implementation of
behaviors and energy cycling through the modeled ecosystem. Then the students designed
and ran an experiment of their choice.
Day 3: Modifying the Base Model and Investigating the Impact of Changing
Variables on the Ecosystem. (Explain)
Students experiment with changing either the initial population sizes or the energy cycling
through the ecosystem and witnessing the impact the change has on the longevity of the
populations within the ecosystem.
Day 4: Adding a Top Predator to the Model and Running an Experiment (Extend)
Students added a top predator to the modeled ecosystem and designed an experiment to
investigate the impact of the addition on existing populations. Then they used their models to
run controlled experiments and tracked the outcomes of subsequent runs of the model.
Day 5: Testing and Evaluation of the Model (Evaluate)
Students considered whether their models were working and reflect the real-world
phenomenon of ecosystem dynamics.
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Days 6–7 (Optional): Student symposium
Students prepared and gave presentations on their models, questions, experimental
design, and findings in a symposium-like setting. They were encouraged to ask each other
to show a part of their code that they were proud of and made the case for their conclusions
based on their model and findings.
Day 1: Introduction to Ecosystems as Complex Systems (Engage)
Investigative phenomenon: In a kinesthetic model, population changes as
resources change.

Ms. E grounded students’ understanding of population dynamics and carrying capacity
through a kinesthetic model [SEP-2] called “Papercatchers.” She informed the class that
they would play the part of members of a growing population and experience limits to the
growth of populations when resources were limited. Ms. E asked for a volunteer recorder to
set up a graph on the whiteboard with the x-axis labeled with generations #1 through #10
and the y-axis labeled with population size between 0 and 50.
Round one began by having each student crumple up a piece of paper from the recycle
bin into a ball. Ms. E picked one student to represent the initial member of the population
and asked that person to stand in the middle of the room. The recorder marked the graph
with generation 0 having population size of 1. Ms. E told her class that after she gave the
“next generation” command, the population member(s) were to throw the paper ball two feet
overhead and attempt to catch it. If the population member succeeded, then they survived
into the next generation and reproduced by selecting a student from the audience who was
not already part of the population to join in the population. If they did not catch the paper
ball, they did not survive and had to sit down.
At each generation, the recorder updated the graph with the new population size. Ms. E
had the students repeat this process for several more generations. One time the population
crashed or became extinct, so they began again with one population member, noting that
sometimes populations crash by chance when numbers are small. Once all members of the
class were standing, she gathered them around to take a look at the graph. The recorder
summarized the data and students reflected on the pattern [CCC-1] . Ms. E asked, “Was this
what you expected? What type of pattern do you see? What do you predict would happen if
we could play with an unlimited number of people?” (The result would be exponential growth/
population explosion.)
Next, Ms. E told the class that they were going to play with slightly different rules in
round two. She unfolded a single piece of newspaper and placed it on the floor. She told the
students there was an added constraint. To survive, they had to throw and catch their paper
ball while keeping one foot on the piece of newspaper at all times. Ms. E asked for predictions
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of what would happen when they played this round. She also asked for a new student to act as
recorder. The new recorder made the population size and generation number as before, but in a
different color marker. Ms. E led the class through several generations and (after the population
size stabilized) asked students what pattern they observed in the data and how the piece of
newspaper related to limited resources in nature. Ms. E helped students make the connection
between the piece of newspaper and a limited food supply (LS2.A). She drew a horizontal line
across the graph at the maximum population supported by the piece of newspaper and called it
the carrying capacity. (The S-curve in the data is known as Logistic Growth.)
Finally, before round three, Ms. E told the class that the piece of newspaper would be
replaced with a sheet of paper 8.5 by 11 inches. She asked students for a prediction of what
would happen when they played again. Where would the line marking the carrying capacity
be under these conditions? For this round, Ms. E asked the recorder to use a different colored
marker. Play ensued for several generations (with much laughter), and the carrying capacity
of the smaller sheet of paper was determined. Ms. E concluded the activity with a discussion
on the relationship between food supply and population growth and related it to the need to
feed the world’s growing population. Several students identified another potential application
of the model: investigating how the health of an ecosystem would influence human efforts to
increase the food supply for the human population (EP&C I).
Investigative phenomenon: In a computer model, a rabbit population quickly grows
until it suddenly crashes.

Next, Ms. E opened the StarLogo Nova base model of an ecosystem consisting of rabbits
and grass and used the projector to introduce it to students. She demonstrated how to use
the “setup” and “run forever” buttons to reset and run the model. Ms. E asked students to
tell her what to do next and to interpret what they were seeing when the model was run. She
asked, “What are the components in this model?” and heard that the model contains earth,
rabbits, and grass. Ms. E asked, “When the model runs or is ‘executed’ what happens?” and
heard various interpretations [SEP-4] of the results, ranging from “The bunnies multiply
out of control” or “All the grass gets eaten” or “The system collapses [CCC-7] .” After the
model had been run several times and the pattern [CCC-1] of population growth and crash
compared using the model, Ms. E asked the students to summarize the sequence of events.
“The rabbits eat grass and multiply, then the population of rabbits grows and eats all the
grass, then all the rabbits die.” Ms. E asked the students if the pattern was the same every
time the model was run. Some students noticed that result of each run of the computer
model was slightly different. For example, a few times the population grew more slowly. This
observation led to a discussion of what computer models are good for and how they can help
us understand ecosystem dynamics.
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Day 2: Decoding and Using the Rabbits and Grass Base Model to Run Experiments
(Explore)
In the first activity of this lesson and before they inspected the model’s code, the students
reviewed familiar code blocks. Ms. E assigned partners to work together and then assigned
each pair a segment of the model’s code to examine and decode: a “model observation form”
was used to document what each of the assigned procedures did to produce the behavior of
the rabbits, grass, or “the world.” After five minutes of decoding, Ms. E asked the students
to share their findings. Following each pair’s reporting about what mechanisms or behaviors
were implemented in the algorithms, Ms. P asked students if they had other interpretations of
what the code did. Any dissension was resolved by looking closely at the source for evidence
[SEP-7] —the code itself. Ms. P concluded the activity by discussing the main program loop
and execution order. She had students draw a diagram mapping the sequence of procedures
and sub-procedures. She then had students enact their diagram as a physical model with pairs
of students moving around the room from one procedure to the next to the next to simulate
the execution of the code, starting with the pressing of the setup button.
Day 3: Modifying the Base Model and Investigating the Impact of Changing
Variables on the Ecosystem. (Explain)
In the first activity of this lesson, students learned how to use the model to run an
experiment by changing either the variable related to initial population size of grasses or
energy gained from eating. Ms. E asked the students what happened in the model when a
rabbit ate grass. A student responded, “The grass disappears and the rabbit gains energy.”
Ms. E asked if this was realistic and followed with the question, “Do you think that the amount
of initial grass in the ecosystem determines how long the rabbits will survive?” Ms. E asked
students to write down their prediction. Some students answer yes while others answered no.
Ms. E prompted students to engage in argumentation based on evidence [SEP-7] . Some
students used the reasoning that the population would survive if there were enough grass to
start with, while others reasoned that the population would just explode faster.
Investigative phenomenon: The rabbit population grows at a different rate when
there is more initial grass in the model.

Next, students were asked to locate this variable in the code that controlled the initial
amount of grass, change the variable to reflect a different initial population, and run the
model again. After a few minutes, Ms. E asked the students to crowdsource their data
and report the value they chose and the outcome in terms of how long the ecosystem
persisted. Analyzing [SEP-4] the amassed data, Ms. E asked the students if they noticed any
difference when they ran their model this time and whether their prediction was correct.
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Investigative phenomenon: The rabbit population grows at a different rate when
each clump of grass provides more energy to the rabbits.

Students added new computer code creating a slider on the user interface panel that
allowed them to easily set the amount of energy the rabbits got each time they ate the grass.
Then, students posed questions [SEP-1] about the effect [CCC-2] of changing this variable
and reflected on the real-world implications of their discoveries. A graphic organizer Ms. E
called an “experimental design form” guided students as they developed scientific questions
they could investigate using their model. Through scaffolding, the form helped students see
the need to use trials and to clearly identify the variables. Students, working in pairs, specified
which variable they would change, then designed and ran their experiment. Within what range
did the variables fall? How many trials were done each setting? They used the instrumentation
in the model (the graph and the data boxes) to monitor temperature under the different
scenarios. Students recorded the data from the graph. Then they analyzed [SEP-4] the
results of their experiments, documented the patterns [CCC-1] in their findings, and used
these as evidence to support a claim explaining [SEP-6] one aspect of the system.
Finally, students extended the model based on what they had learned about
ecosystems, energy flows [CCC-5] within ecosystems, interactions within ecosystems and
how human activities influence ecosystems. Ms. E led a wrap-up discussion about models and
modeling. In what ways might this model be helpful to scientists in understanding ecosystems?
Might this model help scientists predict the effects of human activities on ecosystems? How
would a scientist determine if their models were accurate enough to make predictions?
Day 4: Adding a Top Predator to the Model and Running an Experiment (Extend)
Investigative phenomenon: Adding predators to the model changes the growth rate
of the rabbits.

Ms. E started off day 4 by asking students what they would predict as the effect of
adding a top predator to the model. Then Ms. E led reviews of what they learned in
previous computer science lessons about how to add a new agent to their model—first she
demonstrated how to add a new “breed” of agents using the “add-breed” widget, then she
noted that students could simply refer to how rabbits are given behaviors when setting up
behaviors for a new agent. She then asked students what the top predator would eat and
how much energy it would gain each time it ate. Students proposed that the predator eats
rabbits, acquiring all the rabbit’s energy, but Ms. E asked students to think about the energy
conversion process. No energy conversion is 100 percent efficient. Developing a model allows
students to discover the concept of trophic levels—they had to think very specifically about
how to represent the energy transfer within the ecosystem (LS2.B). Ms. E then let the
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students go to work on modifying the rabbits and grass ecosystem base model by adding
a top predator to answer the question, “Does adding a top predator affect the longevity of
the ecosystem?” Ms. E reminded the students about the engineering cycle and the need to
incrementally make changes and test the model frequently.
To respond to student questions in a timely manner and to develop student self-sufficiency
as learners while coding, Ms. P employed three tactics. The first was to use pair programming;
the second was to use green, yellow, and red cups for signaling status; and the third was to
employ an “ask-three-then-me” method of problem solving. In pair programming, one student
played the role of the driver, who wrote code while the other, the navigator, made suggestions
and reviewed the code as it was entered. The two programmers switched roles frequently.
This practice encouraged communication between the pair and collaborative problem solving.
Colored cups were useful to quickly take the temperature of the room. Red cups signaled that
the students were stuck and could not move forward, yellow cups signaled that the pair was
experiencing difficulty but was trying various solutions, and green cups signaled that all was
well with the pair. Since the cups were visible to all, students who were ahead could locate
and help pairs that were stuck. Finally, the “ask-three-then-me” tactic encouraged students
to ask for suggestions from other students rather than running to the teacher for help. When
these three tactics were incorporated into the classroom culture, students learned faster and
became more self-sufficient.
Ms. E instructed students to test their models. To test if their model was working as
expected, students needed to add some instrumentation to log the size of each population
over time and visualize the balance of species in the ecosystem. Once students had
implemented their code for output data boxes and plots of population sizes, students had
to plan an investigation [SEP-3] to determine the impact of adding the top predator.
Students recorded their ideas and findings on a new experimental design form. After students
had graphed the data points, Ms. E asked the students if they noticed any trend: “Did the
ecosystem last for a longer or short duration with the addition of the top predator? What
can you say now about your testable idea?” She wrapped up the activity with a discussion of
energy flow and why a population might persist longer with the existence of a top predator.
To extend students’ thinking further, Ms. E asked students to propose ways that they could
modify their models to include human activities (EP&C II).
Day 5: Testing and Evaluation of Models (Evaluate)
In this lesson, Ms. E asked students to think about how they would test to see if their
models were “correct.” She explained that there were two concerns: (1) whether the coding
was done properly and (2) whether the model included the right elements. To test whether
the coding was done properly, students traced their code and worked through the program
logic in pairs. The difficulty of testing was discussed because the randomness inherent in
agent-based models means that no two runs of the model would produce identical outcomes.
Since that was the case, how would they discern whether their code was written correctly?
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Ms. E reassured the class that they could test specific cases with known outcomes to make
sure that the outcomes were produced as expected. The class came up with a few situations
that had obvious outcomes such as very little grass or many more consumers than producers.
Next, Ms. E asked half the students to support an argument [SEP-7] that their models
represented real-world ecosystems and the other half of the students to support an argument
that their models do not represent real-world ecosystems. She encouraged them to think
about what they knew of the real-world populations and interactions. Several students pointed
out that they couldn’t really know for sure because they did not have real-world data to
compare the models’ output to. Ms. E pointed out that their models and experiments still had
value—the students learned to identify trends [CCC-1] and connect outcomes to patterns of
population growth and decline.
Days 6–7 (Optional): Student Symposium
After collecting and analyzing their data, students presented their experiment and findings
and proposed an explanation [SEP-6] for the data [SEP-4] . As they presented their
findings, they had to account for any unexpected variations and construct an argument
[SEP-7] supporting one of these findings: the addition of a top predator was a determiner of
longevity of the ecosystem; the addition of a top predator turned out to be unimportant; or
that an unintended variable interfered with the ability to conclude either way. Then students
prepared presentations that took place at the next class meeting. Each team of students gave
a five-minute presentation following these guidelines:
1. State the question you were seeking to answer.
2. Present any background research you did on the topic.
3. Tell us about your model (what’s included and what was left out).
4. Tell us about your experimental design.
5. Show your model running and how you collected data.
6. Show any collected data and how it was analyzed.
7.

Tell us about any relationships you noticed between variables that help you
understand or predict the phenomenon.

8. Summarize your findings; what was the outcome of running your experiments?
9. Do you think you learned anything about the real world?
10. Show us a piece of code you are most proud of.
11. Allow time for questions and answers.
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Revisiting the Model (Optional)
Investigative phenomenon: Rabbits with different traits become more common
within the population over time.

A few weeks later when the class was exploring evolution, Ms. E revisited the model.
Rather than hypothetically arguing whether or not variation in a population had to exist before
selection could act, students could modify computer models to try different scenarios, such as
comparing the effects of human activities on the rate of environmental change and how that
affects different populations (EP&C II). In one model, all the individuals would have the same
genetic characteristics, and in the other model individuals would have varying traits. When
a predator was introduced, certain characteristics were more favorable than others. When
simulations were run over multiple generations, students could determine how the population
changed over time and could argue whether or not variation was necessary before selection
could act. Note that in the course of making this model and implementing reproduction and
predation, students needed to review and program the inheritance of traits (LS3.A) and
energy flow through an ecosystem (LS2.B). Ms. E used the model to help her students meet
HS-LS4-3 (“Apply concepts of statistics and probability to support explanations that organisms
with an advantageous heritable trait tend to increase in proportion to organisms lacking this
trait”) and HS-LS4-4 (“Construct an explanation based on evidence for how natural selection
leads to adaptation of populations”).

Vignette Debrief
Computer models provide a complete framework for teaching science. With computational
modeling and simulation, students are able to ask “what-if” questions [SEP-1] . They act
as both theorists and experimentalists. When students develop models [SEP-2] , they have
to think about the underlying processes. The models allow students to plan and conduct
investigations [SEP-3] that test and isolate different cause and effect relationships [CCC-2] .
Because models run quickly, students can obtain a large amount of data to analyze [SEP-4]
for patterns [CCC-1] . The models created also serve as a focal point for argument based on
evidence [SEP-7] . Students have to address the limitations of the model, the assumptions
made, and work together to determine the explanatory power of the model. Throughout
this vignette, Ms. E promotes meta-thinking about the nature of models. She encourages
skepticism and dialog by asking, “In what ways did it reflect the real world? In what ways
was it lacking?” and “Would you trust this model if your life depended on it?” Students have
to describe how they would decide if the model were realistic enough to be used to make
predictions of the future.
The goal of engaging students in modeling is not just one of developing their
understanding of the concepts of science. Rather, it is to also learn a form of meta-knowledge
about science—that is knowledge of specific features of science and their role in contributing
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to how we know what we know. For instance, when students construct models, it helps them
to understand that the goal of science is not the construction of a picture that accurately
depicts every aspect of nature, but rather a map that captures some certain important
features and not others. In developing models, students should propose an explanation of a
particular process or phenomenon by focusing their attention on key aspects of the system
and the variables that are relevant to that process, while de-emphasizing other details which
are less relevant at that moment but may be reconsidered later.
The structure of lessons that incorporate both on- and off-computer activities and building
student understanding over time by activating prior knowledge is useful for extending that
prior knowledge through new experiences. The time spent using the computer is scaffolded
by a “Use-Modify-Create” framework in which students begin by using the model, then make
small modifications, and finally create entirely new components.
SEPs. Students perform investigations [SEP-3] on the impact of modifying the energy
flow [CCC-5] through the modeled ecosystem; then they ask questions [SEP-1] about the
impact of adding a top predator. They analyze their data [SEP-4] to help figure out the
relationship between different components in the system [CCC-4] they studied. They use
these relationships to analyze a model [SEP-2] of the system. They use the data from their
investigations along with the reasoning of their model to construct an explanation [SEP-6]
about the causes [CCC-2] of ecosystem collapse. In the Student Symposium, they employ
the engineering practice of creating a compelling argument [SEP-7] that their findings were
true to life.
DCIs. Organisms, and populations of organisms, are dependent on their environmental
interactions both with other living things and with nonliving factors (LS2.A). In this vignette,
students model only the interactions between living parts of the ecosystem. They explore the
carrying capacity and stability of ecosystems under different conditions (LS2.C).
CCCs. Patterns [CCC-1] can be used to identify cause and effect [CCC-2] relationships.
Cause-and-effect relationships may be used to predict phenomena in natural or designed
systems. Students have to make sure that their model tracked the energy flows [CCC-5]
through the natural system; they confront this problem explicitly when they think about how
much energy the predator received when eating a rabbit. Their models also illustrate how
populations change and move towards stability [CCC-7] . Students discover the surprising
effect that adding a predator actually helped prevent the rabbit population from crashing.
EP&Cs. The dependence of human populations on healthy natural systems as well as the
influence of human societies on those systems offers a variety of opportunities for students
to engage in computational thinking, modeling and simulation, and data analysis. Computer
models like those used to analyze changes to Earth’s climate are frequently the only means
through which scientists and students can predict the long-term impacts of humans on natural
systems and changes to natural systems on humans. In this vignette, students propose
different ways that they could represent human impacts in their models. In the process, they
have to think carefully about the specific mechanisms [CCC-2] by which humans alter natural
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cycles (EP&C III). Students have to think about how they would represent diverse human
behaviors such as polluting, hunting, destroying habitat through deforestation, or disrupting
habitat through building roads that divide populations.
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
vignette, students participate in several small-group and whole-class discussions (SL.9–
12.1a–d, 4, 5). Students participate in a computer simulation that comprises an ecosystem of
rabbits and grass. The students run the simulation looking for patterns in the data. Students
argue (WHST.9–12.1) whether changing a variable (the amount of initial grass) would change
the outcome of the simulation. The students also add a top predator to the model and graph
data points and analyze what impact the top predator made on the rabbit population (SID.1,2,5,6).
Resources
Several of the activities described in this vignette were adapted from other sources and
are cited within. Please refer to them for more detail.
The Project GUTS Introduction to Computer Modeling and Simulation module is available
at http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link11.
The Project GUTS Ecosystems module is available at http://www.cde.ca.gov/ci/sc/cf/
appx3.asp#link12.
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High School Earth and Space Science Vignette: Water Resources and Farming
HIGH SCHOOL EARTH AND SPACE SCIENCE COMPUTER SCIENCE VIGNETTE
APPENDIX 3.3: WATER RESOURCES AND FARMING IN HIGH SCHOOL

By Irene Lee, Director, Project GUTS, Research Scientist, MIT Scheller Teacher
Education Program/Education Arcade
Performance Expectations
Students who demonstrate understanding can do the following:
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural
resources, occurrence of natural hazards, and changes in climate have influenced human activity.
[Clarification Statement: Examples of key natural resources include access to fresh water
(such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high
concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior
processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis,
mass wasting, and soil erosion), and severe weather (such as hurricanes, floods, and droughts).
Examples of the results of changes in climate that can affect populations or drive mass
migrations include changes to sea level, regional patterns of temperature and precipitation, and
the types of crops and livestock that can be raised.]
HS-ESS3-3. Create a computational simulation to illustrate the relationships among
management of natural resources, the sustainability of human populations, and biodiversity.
[Clarification Statement: Examples of factors that affect the management of natural resources
include costs of resource extraction and waste management, per-capita consumption, and the
development of new technologies. Examples of factors that affect human sustainability include
agricultural efficiency, levels of conservation, and urban planning.] [Assessment Boundary:
Assessment for computational simulations is limited to using provided multi-parameter programs
or constructing simplified spreadsheet calculations.]
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the current rate of global or regional climate change and associated
future impacts to Earth system. [Clarification Statement: Examples of evidence, for both data
and climate model outputs, are for climate changes (such as precipitation and temperature)
and their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and
ocean composition).] [Assessment Boundary: Assessment is limited to one example of a climate
change and its associated impacts.]
HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and
constraints for solutions that account for societal needs and wants.
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex
real-world problem with numerous criteria and constraints on interactions within and between
systems relevant to the problem.
* The performance expectations marked with an asterisk integrate traditional science content with
engineering through a practice or disciplinary core idea.
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Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-1] Asking Questions and
Defining Problems

ESS3.A: Natural Resources

[SEP-4] Analyzing and Interpreting
Data

ESS3.C: Human Impacts
on Earth Systems

[CCC-2] Cause and
Effect: Mechanism and
Explanation

[SEP-5] Using

ESS3.D: Global Climate
Change

Computational and Mathematical
Thinking
[SEP-6] Constructing Explanations
and Designing Solutions

ESS3.B: Natural Hazards

ETS1.A: Defining and
Delimiting Engineering
Problems
ETS1.B: Developing
Possible Solutions

[CCC-4] Systems and
System Models
[CCC-7] Stability and
Change
Connections to
Engineering, Technology,
and Applications of
Science
Influence of Science,
Engineering, and
Technology on Society
and the Natural World

Significant Connections to California’s Environmental Principles and Concepts:
Principle I The continuation and health of individual human lives and of human communities
and societies depend on the health of the natural systems that provide essential goods and
ecosystem services.
Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine
ecosystems are influenced by their relationships with human societies.
Principle IV The exchange of matter between natural systems and human societies affects the
long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of
considerations and decision-making processes.
CA CCSS Math Connections: S-IC.1,2,5,6
CA ELD Connections: ELD.PI.11–12.1,5,6a–b,9,10,11a
CA CCSS for ELA/Literacy Connections: SL.9–12.1a–d,4,5; RST.9–12.3,9 WHST.9–12.1
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HIGH SCHOOL EARTH AND SPACE SCIENCE COMPUTER SCIENCE VIGNETTE
APPENDIX 3.3: WATER RESOURCES AND FARMING IN HIGH SCHOOL

Introduction
This Earth Science vignette considers how humans are impacting the environment and
how resources are being used and managed (or not managed) for the future. Students
model the hydrological cycle as a complex system that includes humans that consume
water resources. In particular, the Project GUTS Computer Science in Science Earth Science
module explores groundwater as a shared resource and factors that affect how a resource
is shared among stakeholders. Even though water continually cycles among land, ocean,
and atmosphere, humans use some water resources that are not renewable or replaceable
over human lifetimes. As human populations increase, the consumption of natural resources
increase, and so do the negative impacts on Earth.
The base model for this unit simulates the part of the hydrological cycle in which water
drops as rain, seeps into an aquifer, and is pumped out by a single pump. Students walked
through each part of the model, ran experiments to better understand the model, and then
modified the base model to add additional pumps and/or add variable rates for rainfall,
pumping, and infiltration (soil types). Students then modify this model to explore different
changes to the system.
Length and position in course. This vignette describes one week of instruction based
on Project GUTS’ Computer Science in Science module on Water Resources. This module
describes how computer models can be developed, used, and analyzed in the context of
studying human impacts on Earth’s systems.
Prior knowledge. This Earth Science module offers some disciplinary core concepts
through direct instruction and activities but assumes the students already possesses a certain
level of knowledge in key areas. Concepts such as the hydrological cycle, watersheds, surface
water, ground water, precipitation, percolation, aquifers, porosity, and infiltration are reviewed;
but in order to achieve deeper learning, it is advisable that the students will have covered
these concepts beforehand. A recommended video that introduces these concepts is available
at http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link13. An alternate video is available at http://
www.cde.ca.gov/ci/sc/cf/appx3.asp#link14.
This vignette assumes that students have completed a multi-day sequence introducing
computer modeling and simulation (such as module 1 of the Code.org CS in Science
curriculum). Students need basic skills in reading and modifying computer codes. They need
to be able to interpret an existing base model and make modifications to it by adding new
codes or altering the ones that exist. While this vignette provides opportunities to practice
those skills, they are not specifically addressed in this lesson outline.
Teacher background
California is the largest agricultural producer in the country. Its farming success depends
on three main natural resources: its climate, fertile soil, and the availability of massive
amounts of water for irrigation. Agriculture is by far the number one user of developed water
(more than 75 percent of all consumed water). The state gets its water from a combination
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HIGH SCHOOL EARTH AND SPACE SCIENCE COMPUTER SCIENCE VIGNETTE
APPENDIX 3.3: WATER RESOURCES AND FARMING IN HIGH SCHOOL
of groundwater pumping (20-40 percent, depending on the year; Legislative Analyst’s Office
2010) and surface water from rivers and reservoirs. Articles about California’s water supplies,
along with some hands-on demonstrations of the groundwater storage capacity of different
Earth materials, can serve as valuable review of these topics.
Students build on their model of the hydrological cycle in the middle grades (MS-ESS2-4).
The high school performance expectations from the CA NGSS did not add any additional
content knowledge tasks related to the internal processes of the hydrosphere. Instead,
they press students to apply the knowledge from previous grades to situations involving
hydrosphere-anthrosphere interactions (EP&C Principles I, II, & III).
5E Lesson Design—This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter for tips on implementing 5E lessons.
Day 1: Introduction to Water as a Shared Resource (Engage)
Students engage in a discussion about water resources stimulated by a video and a
participatory simulation where they play the role of various water users. The activities provide
background and a common basis necessary for further exploration of water resources and
how communities make decisions.
Day 2: Decoding and using the Water Pumping Base Model to Run Experiments
(Explore)
After reviewing math basics for modeling, students are introduced to the base model. They
examine and decode the computer model and interpret what mechanisms are implemented.
Then they run the model to conduct a simple experiment.
Day 3: Modifying the Base Model and Investigating the Impact of Changing the
Evaporation Rate (Explain)
Students add an evaporation slider and design an experiment to investigate the impact of
evaporation on water availability. Then they use the model to run experiments by changing
the evaporation rate in subsequent runs of the model.
Day 4: Adding water Pumps to the Model and Running an Experiment (Extend)
Students extend their models to include other users with water pumps drawing from the
same aquifer then run experiments to determine the impact on the availability of water.
Day 5: Testing and Evaluation of the Model (Evaluate)
Students consider whether their models are working and reflect the real-world
phenomenon of water sharing in a community of users.
Days 6–7 (Optional): Computational Science & Engineering Challenge
Students design potential sharing strategies or policies and implement them in their
model. They test the strategy within the model and examine its impact.
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Day 1: Introduction to Water as a Shared Resource (Engage)
Anchoring phenomenon: People in some parts of the world must travel great
distances to get clean drinking water.

Ms. H engaged students by contrasting the availability of clean water in the United States
with other parts of the world. She showed Water for Life: Diary of Jay-Z in Africa, a video
(found at http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link15) that got students thinking about
water resources and the difficulties some people their age face in obtaining safe drinking
water. Ms. H asked students to think about why groundwater from wells can be safer than
water that flows at the surface. She asked students to draw models [SEP-2] that tracked
the cycling [CCC-5] of water and how pollution could be carried along the surface but filtered
out by the soil that holds groundwater. She used the models to get students to realize that the
groundwater beneath their feet is connected to the groundwater beneath their neighbors. In
other words, we all depend on a shared resource.
Investigative phenomenon: When people rely on a shared resource, they may try to
hoard too much of the resource for themselves and ultimately deplete the resource for
everyone (including themselves).

Ms. H wanted students to consider some of the issues that arise from sharing resources.
She had students engage in a kinesthetic model [SEP-2] called “Some for All or All for
One,” which highlighted some of the interesting dynamics that come about when a group of
individuals has to make decisions regarding a shared resource. Students acted as stakeholders
in a water-sharing scenario. Each individual in the simulation had the ability to choose what
amount of the resource they took based on some simple rules. When considering a shared
resource like water from a well, students were aided by this activity to understand that
each member in a community who used this well had an impact on every other community
member. After the activity, Ms. H asked how students made their decisions and if there were
any unexpected results. Then she led a short debrief incorporating evidence on the evolution
of human cooperation (for more details, see the following articles: http://www.cde.ca.gov/ci/
sc/cf/appx3.asp#link16 and http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link17).
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APPENDIX 3.3: WATER RESOURCES AND FARMING IN HIGH SCHOOL
Making decisions as an individual or as a group can often lead to unexpected results.
If you were to study the “average” decision that individuals make, it would not always
be a good predictor of what the group as a whole would decide. Individuals may act
differently when they are cooperating. In small groups, humans will often cooperate
because they are related to or friends with the others in the groups. Cooperation
and sharing resources was necessary for our human ancestors’ early survival, yet
cooperation still exists today. There are not many “free loaders”; people in groups
tend to help out and eventually are rewarded when they receive help from others.
There are many examples of cooperation by humans—a group of hunters going after
a large prey, cooperating on the playing field to win a game, community gardens and
farms, volunteering to help pass out papers in the classroom, etc. However, even if
cooperation is still common in humans, it doesn’t mean that everyone in a group will
cooperate with a group decision. In this case, an individual could “defect” from the
cooperation yet still benefit from the resources that are in the community. In a group
of cooperative people, it is often beneficial for a person to act in a selfish way.

Day 2: Decoding and Using the Water Pumping Base Model to Run Experiments
(Explore)
To build up programming skills and motivate students to review the mathematics
necessary to understand the base model, Ms. H started the day with a set of simple
programming challenges. Students had to position agents in the virtual world (Spaceland).
Students then entered instructions for the turtles to move to certain locations using relative
and absolute directions to review Cartesian coordinates and turtle motion and positioning
in StarLogo Nova. In a second activity, Ms. H asked students to get out their StarLogo Nova
blocks reference guide and use it in decoding the base model of a water pump. In small
groups, students kept track of new and familiar blocks encountered as they decoded a
segment of code. Ms. H asked each group to report on what their group’s assigned piece of
code did. Ms. H then drew an illustration of the “runtime loop” and asked students to call out
all of the things that were updated each time the computer executed the loop. She added the
student suggestions of the updated items to the diagram (such as update agents, or draw the
screen), or addressed preconceptions about how the parts of the code are executed.
Investigative phenomenon: When a well pumps, the water level near the well is much
lower so that it looks like there is a “cone of depression” shape around the well opening.

With this understanding of the model, students ran it and simply observed the outcome.
After running the model several times and comparing the distribution of groundwater
produced by running the model, Ms. P led the students in developing a statement that
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described the pattern [CCC-1] of how the groundwater changed over time [CCC-7] .
Students observed that the water agents arranged themselves in a specific shape around the
entry to the well that Ms. P called a “cone of depression.” The water agents were not given
instructions to form this pattern, and the surprised students wondered what caused [CCC2] this specific structure to form [CCC-6] . Ms. H reiterated the characteristics of complex
adaptive systems [CCC-4] and described the cone of depression as an emergent pattern.
Noticing that each run of the computer model was slightly different led to a discussion of what
computer models were good for and how they could help us understand natural and artificial
processes (ESS 3.B Human impacts of Earth’s systems).
Day 3: Modifying the Base Model and Investigating the Impact of Changing the
Evaporation Rate (Explain)
Investigative phenomenon: When the model includes evaporation, the amount of
available groundwater changes.

Ms. H asked the students, “How would this model be different if Earth’s climate warmed?”
She pointed out that “ Computer models [SEP-2] of global climate predict that California is
likely to be warmer and drier on average than at present” and reviewed a piece of critical
background knowledge from prior lessons, “The higher the temperature of a substance the
greater the kinetic energy of the molecules at its surface and therefore the faster the rate of
their evaporation.” With these pieces of information in hand, Ms. H led a discussion during
which students connected rising local temperatures to evaporation of water droplets. Students
then modified the base model to add a new process called “evaporation” and added a slider
that controlled the rate of evaporation of water as it fell to Earth.
Students then planned how they would use the model to run an experiment by changing
the variable related to evaporation rate. The students proposed questions [SEP-1] about
the effect [CCC-2] of evaporation on ground water pumped to the surface of the Earth. A
graphic organizer that Ms. H called an “experimental design form” guided students as they
developed scientific questions to investigate using their model. Through scaffolding, the
form helped student see the need to use trials and to clearly identify the variables. Students
designed and ran their experiment in pairs after specifying which variable they would be
changing. Within what range? How many trials at each setting? They used the instrumentation
in the model (the graph and the data boxes) to monitor temperature under the different
scenarios, students recorded the data from the graph. They then analyzed [SEP-4] the
results of their experiments, documented the patterns [CCC-1] in their findings, and used
these as evidence to support a claim explaining [SEP-6] one aspect of the system. Ms. H led
them to reflect on the real-world implications of their discoveries. Finally, students were asked
to think of ways to extend the model, based on what they have learned about California’s
agriculture, population growth, and water needs.

1716

Appendix 3

2016 California Science Framework

Computer Science in Science

HIGH SCHOOL EARTH AND SPACE SCIENCE COMPUTER SCIENCE VIGNETTE
APPENDIX 3.3: WATER RESOURCES AND FARMING IN HIGH SCHOOL
Day 4 - Adding Water Pumps to the Model and Running an Experiment (Extend)
Investigative phenomenon: When two wells draw from the same aquifer, the height
of the pump head, the distance between the wells, and the amount of pumping all
affect whether or not one or both of the wells will run dry.

Ms. H started off the day by reviewing the “Some-for-All-or All-for-One” kinesthetic model
that the students ran on day 1. She asked how their water pump model could be used to
model a scenario in which many different users were sharing the water resource. After much
lively discussion and ideas for changing the model were made, Ms. H suggested that the
students keep it simple and start simply by adding a second water pump that pulls from the
same aquifer.
Calling on their prior knowledge, Ms. H asked them to review how the first pump was
made in code. They described that an agent was used to draw the pump by stamping
different colors as they walked. The colored tip of the pump head is used to detect when
water molecules hit the head and are pumped out of the ground. Students proceeded to copy
and paste the existing “create-pump” procedure to create a new procedure for creating the
second pump. Students were able to customize the height of the pump head and the distance
of the second pump from the first. Ms. H reminded the students about the engineering cycle
and the need to incrementally make changes and test the model frequently.
To respond to student questions in a timely manner and to develop student self-sufficiency
as learners while coding, Ms. P employed three tactics. The first was to use pair programming;
the second was to use green, yellow, and red cups for signaling status; and the third was to
employ an “ask-three-then-me” method of problem solving. In pair programming, one student
played the role of the driver, who wrote code while the other, the navigator, made suggestions
and reviewed the code as it was typed in. The two programmers switched roles frequently.
This practice encouraged communication between the pair and collaborative problem solving.
Colored cups were useful to quickly take the temperature of the room. Red cups signaled that
the students were stuck and could not move forward, yellow cups signaled that the pair was
experiencing difficulty but was trying various solutions; and green cups signaled that all was
well with the pair. Since the cups were visible to all, students who were ahead could locate
and help pairs that were stuck. Finally, the “ask-three-then-me” tactic encouraged students
to ask for suggestions from other students rather than running to the teacher for help. When
these three tactics were incorporated into the classroom culture, students learned faster and
became more self-sufficient.
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Day 5: Testing and Evaluation of Models (Evaluate)
To see if their model was working as expected, students needed to add some
instrumentation to determine how much water the aquifer initially held and whether or not
it decreased over time. Once students had implemented their code and tested it, students
designed an experiment to determine the impact of altering the amount of evaporation rate
and/or adding additional water pumps to the system. Using the model as an experimental
testbed, students chose to explore parameters and discovered some of the issues and choices
that affect water supplies. By the end of the five-day module, students gained a more specific
understanding of the processes involved in water availability, storage, and use, and the
potential impact of climate change on California’s water supply.
After collecting their data, students presented their experiment and communicated
[SEP-8] their findings, and proposed an explanation [SEP-6] for the data [SEP-4] . As they
presented their findings, they had to account for any unexpected variations and construct
an argument [SEP-7] about the cause and effect relationship [CCC-2] between evaporation
and groundwater availability (e.g., the evaporation rate is an important determiner of ground
water availability, increases in evaporation rate turn out to be unimportant, or that an
unintended variable interferes with the ability to conclude either way).
Days 6–7 (Optional): Computational Science and Engineering Challenge
Investigative problem: How can we reduce the impacts of human activity on the
climate?

This optional two-day extension enabled students to design mitigation strategies
[SEP-6] and then implement and test the strategies using the water-pumping model to
determine their potential impact. Students designed their own alterations to the base model
consisting of a mitigation strategy, a question, an experimental design, and a model. In the
first activity, students isolated and developed their strategy for mitigating water wasting
(for example, catching rainwater or implementing scheduled irrigation) considering a range
of factors (e.g., crops grown, soil types), and identified the changes they would need to
make to their water pump model. This led to a second activity, in which they designed and
implemented their model, then used the model as an experimental testbed to assess the
impact of their proposed mitigation strategy.
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Vignette Debrief
With computational modeling and simulation, students were able to design investigations
to answer “what-if” questions. As they investigated [SEP-3] the effects of changing
evaporation rate, they were creating computational models that showed how humans alter
the interaction between the hydrosphere and atmosphere (HS-ESS3-6). Students could use
the results of their models as evidence that helps explain [SEP-6] how changes [CCC-7] in
climate affect water resources, which can therefore alter human activity (HS-ESS3-1).
SEPs. Students performed investigations [SEP-3] . They analyzed their data [SEP-4] to
help understand the relationships between different components in the system [CCC-4] they
studied. They used these relationships to evaluate a model [SEP-2] of the system. They
used the data from their investigations along with the reasoning of their model to construct
an explanation [SEP-6] about the causes [CCC-2] of limited groundwater supply. As they
made modifications to an existing computer model, students employed engineering practice
by defining the parameters of the problem [SEP-1] and designing solutions [SEP-6] .
DCIs. The competition for water resources is a tangible example of limited natural
resources (ESS3.A) and human impacts on Earth systems (ESS3.C).
CCCs. Students applied the crosscutting concept of systems and system models [CCC-4]
as they thought about the different components and how they interacted. They observed the
unique system property/behavior of the cone of depression when they ran the base model
for the first time. This feature provided an example in which the structure [CCC-6] gives
clues about the process that causes it to occur. Students looked for patterns [CCC-1] in
pumping data [SEP-4] to test for cause and effect [CCC-2] relationships between number
of pumps and captured water, and between evaporation rate and groundwater availability.
They learned to question the validity of the model [SEP-2] and consider what it could and
could not tell us about the real world, an application of CCCs related to nature of science and
the interaction between technology and science.
EP&Cs. Water resources support California’s vibrant population, its economically
vital agricultural sector, and its diverse natural habitats (EP&C I, IV). As such, decisions
surrounding these resources are complex and must balance many needs (EP&C V). The
kinesthetic model on day 1 provided students a tangible experience about how these decisions
are complex. Nonetheless, these decisions are important because humans have the ability
to extract groundwater faster than it can be replenished, which can permanently alter the
environment (EP&C II, III). The base model does not include the environmental effects of
groundwater pumping, but it could be extended to do so. Even without directly modeling
interactions with the nonhuman biosphere, students could still notice how humans could affect
one another through the multiple-pump experiments on day 4. And the optional extension on
days 6–7 provided students the chance to thoroughly brainstorm and test solutions that could
minimize these impacts (HS-ESS3-4).
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CA CCSS Connections to English Language Arts and Mathematics. Throughout
the vignette, students participated in several small-group and whole-class discussions
(SL.9–12.1a–d, 4, 5). Students participated in a computer simulation, which involved a base
model of a water pump. Students added a variable of evaporation to see how it impacted
the amount of water pumped. Students then added a second water pump that pulled from
the same aquifer; this was done to simulated different users drawing from the same water
supply. Students argued (WHST.9–12.1) one of these three hypotheses: the evaporation rate
was an important determiner of ground water availability; increases in evaporation rate were
unimportant; or an unintended variable interfered with the ability to conclude either way (SIC.1, 2, 5, 6).

Resources
Several of the activities described in this vignette were adapted from other sources and
are cited within. Please refer to them for more detail.
The Project GUTS Introduction to Computer Modeling and Simulation module is available
at http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link18.
The Project GUTS Water Resources module is available at http://www.cde.ca.gov/ci/sc/cf/
appx3.asp#link19.
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High School Physics Vignette: Electrical Forces
HIGH SCHOOL PHYSICS COMPUTER SCIENCE VIGNETTE APPENDIX 3.4:
ELECTRIC FORCE INQUIRY INVESTIGATION IN HIGH SCHOOL

Written by Dean Reese
Performance Expectations
Students who demonstrate understanding can do the following:
HS-PS2-4. Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s Law
to describe and predict the gravitational and electrostatic forces between objects. [Clarification
Statement: Emphasis is on both quantitative and conceptual descriptions of gravitational and
electric fields.] [Assessment Boundary: Assessment is limited to systems with two objects.]
Highlighted Science and
Engineering Practices

Highlighted
Disciplinary Core Ideas

Highlighted
Crosscutting Concepts

[SEP-5] Using Mathematics and
Computational Thinking

PS2.B Types of
Interactions

[CCC-1] Patterns

CA CCSS Math Connections: MP.2, MP.4, HSN-Q.A.2, HSA-SSE.A.1
CA ELD Connections: ELD.PI.11–12.1,5,6a–b,9,10,11a
CA CCSS for ELA/Literacy Connections: RST.11–12.1, RST.11–12.7, WHST.9–12.9

Introduction
Students investigate the factors relevant to the Electric Force (Coulomb’s Law) by exploring
static electricity phenomena and by building a computer simulation in order to understand.
Length and position in course. This vignette represents about two weeks of instruction
that comes at the beginning of an instructional segment on Coulomb’s law. It is assumed that
students had limited prior knowledge about electrical interactions. Because students develop
the equation of Coulomb’s law using an inquiry approach, this vignette needs to come before
students read any textbook material on the subject.
Prior knowledge. Students need to be familiar with the internal structure of atoms and
know about the charged particles within the atoms.
This vignette assumes that students have completed a multi-day sequence introducing
computer modeling and simulation (such as module 1 of the Code.org CS in Science
curriculum). Students need basic skills in reading and modifying computer codes. They need
to interpret an existing base model and make modifications to it by adding new codes or
altering the ones that exist. While this vignette provides opportunities to practice those skills,
they are not specifically addressed in this lesson outline.
5E Lesson Design. This sequence is based on an iterative 5E model. See the
“Instructional Strategies” chapter for tips on implementing 5E lessons.
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Day 1: The Mystery of the Transparent Tape (Engage)
Students investigate several situations where objects are attracted to one another.
Days 2–3: Qualitative and Quantitative Models (Explore/Explain)
Students investigate additional static electricity phenomena in a hands-on lab and then use
a computer visualization to develop qualitative models that explain the phenomena. They then
create quantitative models of these attractions by coding computer simulations.
Days 4–5: Lab Stations to Refine the Mathematical Model (Explore/Explain)
Students rotate through lab stations where they directly investigate electrostatic forces or
obtain information about them. They refine their models in groups and then spend an entire
day in a whole-class science-talk discussion to determine the equation of Coulomb’s law.
Day 6: Applying Coulomb’s Law (Elaborate)
Students apply Coulomb’s law to a variety of circumstances.
Day 7: Coding Coulomb’s Law (Elaborate)
Students compare their paper-and-pencil calculations to their code from day 3 and then
modify the code to accurately reflect Coulomb’s law.
Day 8 (Evaluate): Computational Science & Engineering Challenge
Students complete an assessment where they cite evidence and reasoning to support
Coulomb’s law, comment sample code, and apply Coulomb’s law to several scenarios.
Day 1: The Mystery of the Transparent Tape (Engage)
Anchoring phenomenon: When two pieces of transparent tape are pulled apart, they
interact with one another.

Mr. R handed out two pieces of transparent tape to each student in class. Then he showed
the students how to stick one piece of tape to another piece of tape, and then how to pull
them apart (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link20). One piece of tape became
positively charged and the other became negatively charged. Mr. R then asked students to
think/pair/share on what they think happened to cause the two pieces of tape to interact in
this way. Mr. R was mindful that at this stage of the lesson it was important to simply listen to
the student’s answers as opposed to qualifying them as right or wrong.
Each student pulled the two pieces of tape apart and experienced the electric force
interaction that occurred between the two. Students were usually baffled by the interaction
and had not expected to see this result. Students were asked to think about what was
happening and to discuss with a partner next to them in class about why the phenomenon
that they saw occurred. Then students were randomly called on to share their partner’s
thoughts on the situation.
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Mr. R introduced the Van de Graaff generator, highlighted some of the different parts,
and then demonstrated the generator discharging to a grounding rod. Mr. R asked students
to identify what the two demonstrations had in common. Students noted that both involved
something pushing or rubbing together. Mr. R notes that they would return to this observation
as they explained the next phenomenon.
Explore/Explain
Investigative phenomenon: Pie tins placed on top of a Van de Graaf generator
seem to fly away as the generator is turned on.

The idea of placing 10 aluminum pie tins on top of the Van de Graaff generator and
turning it on was presented to the students but not carried out at that point. Before
conducting the pie-tin demonstration, Mr. R asked students to write a paragraph predicting
what they thought would occur when he turned the generator on with the pie tins on top and
why. Students were encouraged to draw the system and add annotations to the drawing to
help develop their thinking. Mr. R asked the students to share their thinking with the students
around them and then had students share their expectations about what would happen.
Then Mr. R commenced the pie-tin demonstration. Pie tins were pushed apart one by one
and fell off the generator. After the demonstration, the class discussed what they actually saw
and possible explanations of how it had happened. Mr. R asked students to circle places in
their original drawing that they think are accurate and put boxes around sections that they
would like to now change. Students wrote a paragraph explaining what actually occurred in
the demonstration and the reasoning behind why it may have occurred. Mr. R emphasized
the importance of using their actual observations as evidence in this preliminary explanation
[SEP-6] .
Day 2: Qualitative and Quantitative Models (Explore/Explain)
Investigative phenomenon: A balloon sticks to the wall after being rubbed back and
forth across a student’s hair.

Mr. R engaged students this day with a few quick static electricity demos, including
making a balloon stick to the wall and having a student feel a shock when reaching out to
touch a metal doorknob after having rubbed her feet across the carpet. He asked students
to identify similarities between these two phenomena and the previous day’s phenomena.
He then instructed students to explore two simulations of these phenomena from PhET, John
Travoltage (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link21) and the Balloons and Static
Electricity (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link22). They recorded observations of
how objects become charged and the resulting forces from this buildup of charge.
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Students then revisited their models and explanations from the previous day. After having
had them discuss in pairs and as a class, he had students individually redraw their diagrams
using their new understanding of how electric charges work.
Elaborate
At this point, students had developed a qualitative model [SEP-2] of electrical charges
attracting and repelling one another. The qualitative model does a good job of describing the
general cause and effect relationships [CCC-2] they have observed, but it does not help
them predict the strength of the electrical forces. Scientists always strive to quantify [CCC-3]
the electric force so they can make more meaningful predictions. Mr. R told students that they
would use the simulation software NetLogo to turn their qualitative models into quantitative
ones. Mr. R modeled how to incorporate mathematical equations into a NetLogo simulation
using an energy conservation model that the students had used previously in class (see
http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link23). Then Mr. R asked students to list the
factors that they thought might affect the strength of the electric force. Students had asked
questions [SEP-1] about these factors during the middle grades, MS-PS2-3. In this exercise,
students worked in teams to combine the factors that determine the electric force into a
possible equation for the electric force. Students were not allowed to use the book or Internet
resources; only their insights from the previously observed phenomena were used to shape
these mathematical models. Different teams had come up with very different equations, and
few of them resembled the commonly accepted scientific equation at this point.
Students examined code from a simulation that incorporated mathematical equations into
NetLogo. Mr. R assigned different groups to explain different sections of the code to the rest of
the class. He circulated around to make sure that each group had properly traced through their
code. One new coding tool that the example demonstrated was the idea of a global variable.
Mr. R called on students to identify where the variable was used in their section of the code.
Mr. R then asked students to create a NetLogo simulation of the electric force interaction
of two charges. To make this simulation, they modified code from a base model they had
previously worked with. As students worked, Mr. R asked them to rotate who was the “pilot”
and who were the “co-pilots” every 15 minutes throughout the coding portion of lesson. Some
students coded systems in which the charges were stationary and others coded simulations
that were dynamic, meaning that one or both of the charges moved as a result of the electric
force. They embedded their mathematical model for the electric force into their simulations
using global variables in their code.
Day 3: Finish Coding (Explain, continued)
Mr. R asked several students to briefly present the unfinished program that they had been
building. He chose groups that either had interesting code development or had an interesting
mental model of the factors that contribute to the electric force. The aim was to share the
various mathematical forms of the electric force as well as how students had gone about
incorporating the equations into their simulations.
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Students continued coding their electric force simulations and were reminded to rotate
who was the “pilot” of the simulation throughout the class period. Students submitted the
code—finished or unfinished—to Edmodo by the end of the class period. Figure app 3.2 shows
an example of student work.
Figure App 3.2. Student Example of a NetLogo Simulation of Electric Force
Entire Simulation created by four students in group A

Source: Wilensky 1999
Information Tab:
What is it?
This model is used to quantitatively simulate the interactions between two particles with
the electric force (F). The simulation uses initial conditions and Coulomb’s Equation for the
electric force in order to model particle–particle interaction.
How it works:
This model uses multiple equations in order to function. The bases of these equations are
dictated by the globals defined within the code and in the user interface (UI):
• [charge1] and [charge2] are globals defined in the UI; they correspond to the given
charge (in Coulombs). Charge1 defines the left particle’s charge, and Charge 2 defines
the right particle’s charge. The color (via the globals [color1] and [color2]) of each
particle also corresponds to its charge, with neutral displaying gray, negative displaying
black, and positive displaying red.
• [D] is a UI-defined global that represents distance.
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• [Mass] is defined in the UI and is uniform between the two particles.
• [Initial_Velocity] is the beginning velocity of the rightmost particle.
• [F] is defined as the electric force and is defined by Coulomb’s Equation embedded into
the code: F = k(charge1)(charge2)/(D ^ 2)
• [A] is defined as the acceleration of the rightmost particle, defined by Newton’s Second
Law, embedded in the code: F = mA and A = F/m
• [V] is the given velocity of the rightmost particle, defined as a function of time and
acceleration: V = (initial_velocity) + (A * T)
• [X] is the position of the rightmost particle. It changes depending on the velocity
defined above.
• [T] represents time, as a replacement of ticks. Within the code, the value for T
increases by 0.01 every 0.01 seconds. As such, T represents time in the real world.
• [R] is the distance between two particles, which is identical to X.
• [k] is Coulomb’s constant, defined as 9 * (10 ^ 9) at the setup phase of the code.
How to Use It:
(1) Select values for the particle’s charges and the distance between them. Choose values
for their mass and the rightmost particle’s initial velocity. (2) Hit the setup button. (3) Hit
the go button to begin the simulation. At any point during the model, the go button can
be deselected to stop the model manually.
Things to Notice:
As the simulation is running, notice the velocity of the right particles. Is it constant or
does it change? How does the movement of the particle relate to its distance from the left
particle?
Things to Try:
(1) Make one or both charges neutral. What happens? (2) If both charges are positive, do
the particles repel or attract? (3) How does the mass affect velocity? Try increasing the
mass and using the graph provided to examine this relationship.
Extending the Model:
This is a simplistic model of the electric force, in which only one particle moves at a time.
To extend this model, both particles can be allowed to move. In addition, more than two
particles can be included in the model to demonstrate the addition of force vectors.
NetLogo Features:
Note the use of [globals] at the top of the code to define variables not present in the user
interface. The most important part of this model is provided by the relationships defined
by equations embedded in the simulation. View the “How-it-Works” section to see more.
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Related Models:
This model is most like the “Traffic Basic” model in the NetLogo Model Library. It uses a
similar interaction between acceleration, velocity, and position for the right particle.
Credits and References:
Programmed by Joshua Abraham, Joe Garcia, Ryan Wang, and Jace Marcos
Teacher: Mr. Reese, Tracy High School, IB Physics Period 1
This work is licensed under the Creative Commons Attribution-NonCommerical-ShareAlike
4.0 International License (see http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link24). To view
a copy of this license, visit http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link25.
Day 4: Lab Stations to Refine the Mathematical Model (Explore)
Investigative phenomenon: Sometimes two charged objects attract one another
and sometimes they repel. Two objects repel one another more when they are close
together or when more rubbing is done to charge them.

Mr. R set up four stations for the students to cycle through. Station 1 had one ring stand
with a polystyrene insulator hanging from it by a cotton string and a second ring stand with a
crumpled ball of aluminum foil hanging from it by a cotton string. This station also had a fur
pelt, glass rod, plastic rod, silk, balloons, and a metal rod. Station 2 had a close reading that
focused on the details of the electric force without stating the equation explicitly (figure app
3.3). Station 3 had a computer simulation (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link26)
that allowed students to generate simulated distance and force data between two charges.
Station 4 had another close reading focused on how electric forces translate into accelerations
of the charged object (figure app 3.4).
At each station students documented what they saw, wrote questions that arose, and
collected data where appropriate. At the stations where they obtained information [SEP-8]
from articles, they highlighted quotes from the reading that would provide evidence for their
claim regarding factors that affect the electric force.
Explain
After students had spent about 10 minutes each at the four stations, Mr. R asked the
students to revisit their equations of magnetic force. He asked them to prepare comments
for the next day’s whole class discussion on the topic of factors that affect the electric force.
Students reflected and wrote about how the experience of the four stations had affected their
thinking regarding the factors that affect the electric force. This reflection went into their lab
notebooks.
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Day 5: Explaining the Lab Stations (Explain)
Mr. R set up the ground rules for the day’s discussion topic: “What factors affect the
electric force?” He asked the students to take five minutes to review all data collected,
important text from the close reading articles, and observations from station 1 that may be
relevant to answering the question. He also explained to the students that their participation
would go toward the class participation grade. During the whole class discussion, Mr. R
purposefully removed himself from the discussion and let the class know that he would just
be an observer. He did not try to qualify the answers from the group during this discussion,
as this would have interfered with the students’ discourse. However, when things veered off
topic, he reminded students of the discussion focus.
After the discussion Mr. R revealed Coulomb’s law to the class by writing it on the
white board. He showed a short YouTube video that illustrated Coulomb’s torsion balance
experiment (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link27). He asked students to write
an entry in their lab notebook comparing their group’s equation to Coulomb’s law. He also
asked them to consider the following questions: What did they have in common and what was
different? Did they have the same terms? Did their equation follow a similar form or structure?
What information did Coulomb have that they did not?
Day 6: Applying Coulomb’s Law (Elaborate)
After students had seen the form of Coulomb’s law, they applied it to predict the force
between charges in different circumstances. The students first worked independently, applying
Coulomb’s Law to the various situations presented in the problem set. When students were
struggling on a particular problem, they spent a few minutes trying to figure it out and then
moved on to the next problem. After 30 minutes they moved to their lab groups to discuss the
solutions with their peers and with the support of Mr. R.
Days 7: Coding Coulomb’s Law (Elaborate)
Students revisited their code from day 3. Mr. R selected a few of the word problems from
day 6 and asked the students to determine if their original code would provide the correct
answer, predict a smaller force, or predict a larger force than they calculated using Coulomb’s
law. He then asked them to modify their old code so that it reproduced the scenario in the
word problem and to see if they had accurately predicted their model’s behavior. Then, he
had them modify the code so that it included the correct version of Coulomb’s law. And he
asked them, “Did the code produce the same answer as their manual calculations?” Mr. R then
introduced a third problem that was very complex and difficult to complete by hand. Students
used their code to solve this problem.
Day 8: Evaluate
Mr. R gave students an assessment on the objectives for the learning sequence. The
individual written assessment involved three parts. The first part required students to support
claims, with appropriate evidence and reasoning, about different factors that affected the
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electric force. The second part of the assessment required students to comment lines of code
from one of the student models of the NetLogo electric force simulations. The third part of the
assessment required students to apply Coulomb’s Law to various situations to solve for the
electric force.

Vignette Debrief
This vignette presented an innovative approach to teaching one of the classic equations
in physics. Rather than give students Coulomb’s law and have them simply apply it, Mr. R
provided students a range of phenomena to investigate electrostatic interactions. He had
them develop a qualitative model on day 2, which they then extended into a quantitative
model. Mr. R had students code up their mathematical representation, even though most of
the students had a scientifically incorrect equation. He did this intentionally so that students
could return to their model and revise it after they had additional information. After these
rich experiences, students were much more familiar with Coulomb’s law and could apply it to
predict electrostatic forces between objects (HS-PS2-4).
SEPs. Students developed qualitative and quantitative models [SEP-2] of electrostatic
interactions, refined their model, and then applied it to predict behavior in a range
of circumstances. As students struggled to formulate an equation for the strength of
the electrostatic force, they employed mathematical thinking [SEP-5] . They then
used computational thinking [SEP-5] to convert the mathematics into a computer code.
The science talk session on day 5 required students to engage in argument from evidence
[SEP-7] , which eventually allowed students to construct meaningful explanations [SEP-6]
of the factors that influence [CCC-2] electrostatic forces during the assessment on day 8.
DCIs. Students developed an in-depth understanding of the factors that influenced
electrostatic forces, one form of interaction (PS2.B).
CCCs. Through repeated exposure to related phenomena, students identified patterns
[CCC-1] about how objects became electrically charged and the factors that influenced
the electrostatic forces between them. Students’ initial mathematical model of electrostatic
interactions often incorporated several of the correct causal mechanisms [CCC-2] , but few
students correctly identified the inverse square proportional [CCC-3] relationship without
additional information. While simply listing the factors may have been sufficient in earlier
grades, the high school level of understanding of cause-and-effect [CCC-2] for Coulomb’s
law required that students quantify the relative importance of the different factors.
EP&Cs. Much like Coulomb’s law described the interactions between the two pieces of
transparent tape on day 1, it also described adhesion of contaminants to soil in groundwater.
Mr. R could have extended the lesson to show different ways that electrostatic interactions are
used in real-world engineering solutions such as water filtration.
CA CCSS Connections to English Language Arts and Mathematics. Throughout the
vignette, students participated in several small-group and whole-class discussions (SL.6–
8.1a–d, 4, 5). They gathered information from several sources (RST.6–8.3, 9) to make
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scientific arguments supported by evidence (WHST.6–8.1). Coding was an excellent example
of reasoning quantitatively (MP.2) and modeling using mathematics (MP.4). Teachers
could emphasize different aspects of the Coulomb’s law equation to connect to CA CCSS
Mathematics concepts at the appropriate level of complexity for their students. Students
could have recognized the structure of the equation as a multi-variable equation with terms
and coefficients (A-SSE.1). Teachers could have prompted students to graph and interpret
the function from different representations (F-IF.7), identify the key features of the function
(F-IF.4), and explicitly discuss the domain over which it is valid in the real world (F-IF.5). By
graphing Coulomb’s law for a certain pair of charges at different distances apart, students
could have noticed that the rate of change of the function is large when the charges are
close together but is small when the particles move farther apart. Students could have asked
questions about how this behavior related to the structure of the equation they wrote (F-IF.6).
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Figure App 3.3: Student Handout: The Electric Force Close Reading #1
Directions: Read this article (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link28)
specifically for any information that will help you understand the factors that affect the
electric force. You are looking for evidence and reasoning that will support your claim.
Highlight all relevant information with regard to this focus.
Force as a Vector Quantity
The electrical force, like all forces, is typically expressed using the unit Newton. Being
a force, the strength of the electrical interaction is a vector quantity (http://www.cde.
ca.gov/ci/sc/cf/appx3.asp#link29) that has both magnitude and direction. The direction
of the electrical force is dependent upon whether the charged objects are charged with
like charge or opposite charge and upon their spatial orientation. By knowing the type
of charge on the two objects, the direction of the force on either one of them can be
determined with a little reasoning. In the diagram below, objects A and B have like
charge causing them to repel each other. Thus, the force on object A is directed leftward
(away from B) and the force on object B is directed rightward (away from A). On the
other hand, objects C and D have opposite charge causing them to attract each other.
Thus, the force on object C is directed rightward (toward object D) and the force on
object D is directed leftward (toward object C). When it comes to the electrical force
vector, perhaps the best way to determine the direction of it is to apply the fundamental
rules of charge interaction (opposites attract and likes repel) using a little reasoning.

Determining the Direction of the Electrical Force Vector
Force of
B on A
Object A

Force of
A on B
Object B

Force of
D on C
Object C

Force of
C on D
Object D

Electrical force also has a magnitude or strength. Like most types of forces, there are a
variety of factors that influence the magnitude of the electrical force. Two like-charged
balloons will repel each other and the strength of their repulsive force can be altered
by changing three variables. First, the quantity of charge on one of the balloons will
affect the strength of the repulsive force. The more charged a balloon is, the greater the
repulsive force. Second, the quantity of charge on the second balloon affects the strength
of the repulsive force. Gently rub two balloons with animal fur, and they repel a little.
Rub the two balloons vigorously to impart more charge to both of them, and they repel a
lot. Finally, the distance between the two balloons has a significant and noticeable effect
upon the repulsive force. The electrical force is strongest when the balloons are closest
together. Decreasing the separation distance increases the force. The magnitude of the
force and the distance between the two balloons is said to be inversely related.
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Figure App 3.4: Student Handout: The Electric Force Close Reading #2
Directions: Read this article (http://www.cde.ca.gov/ci/sc/cf/appx3.asp#link30)
specifically for any information that will help you understand the factors that affect the
electric force. You are looking for evidence and reasoning that will support your claim.
Highlight all relevant information with regard to this focus.
The attractive or repulsive interaction between any two charged objects is an electric
force. Like any force, its effect upon objects is described by Newton’s Laws of Motion.
The electric force—Felect—joins the long list of forces that can act upon objects. Newton’s
laws are applied to analyze the motion (or lack of motion) of objects under the influence
of one force or combination of forces. The analysis usually begins with the construction
of a free-body diagram in which the type and direction of the individual forces are
represented by vector arrows and labeled according to type. The magnitudes of the
forces are then added as vectors in order to determine the resultant sum, also known as
the net force. The net force can then be used to determine the acceleration of the object.
In some instances, the goal of the analysis is not to determine the acceleration of the
object. Instead, the free-body diagram is used to determine the spatial separation
or charge of two objects that are at static equilibrium. In this case, the free-body
diagram is combined with an understanding of vector principles in order to determine
some unknown quantity in the midst of a puzzle involving geometry, trigonometry, and
Coulomb’s law. In this last section of Lesson 3, we will explore both types of applications
of Newton’s laws to static electricity phenomenon.
Electric Force and Acceleration
Suppose that a rubber balloon and a plastic golf tube are both charged negatively by
rubbing them with animal fur. Suppose that the balloon is tossed up into the air and the
golf tube is held beneath it in an effort to levitate the balloon in midair. This goal would
be accomplished when the spatial separation between charged objects is adjusted such
that the downward gravity force (Fgrav) and the upward electric force (Felect) are balanced.
This would present a difficult task of manipulation as the balloon would constantly move
from side to side and up and down under the influences of both the gravity force and the
electric force. When the golf tube is held too far below the balloon, the balloon would fall
and accelerate downward. This would in turn decrease the separation distance and lead
to an increase in the electric force. As the Felect increases, it would likely exceed the Fgrav
and the balloon would suddenly accelerate upward. And finally, if the point of charge on
the golf tube is not directly under the point of charge of the balloon (a likely scenario),
the electric force would be exerted at an angle to the vertical and the balloon would have
a sideways acceleration. The likely result of such an effort to levitate the balloon would
be a variety of instantaneous accelerations in a variety of directions.
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Figure App 3.4: Student Handout: The Electric Force Close Reading #2 (continued)

Levitating a Balloon
(a)

Felect
Fgrav

(b)

Felect
Fgrav

(c)

Felect
Fgrav

(a) When the charged tube is held too far from the charged balloon, the repulsion force
is less; the acceleration of the balloon is downward. (b) When the charged tube is held
too close to the charged balloon, the repulsion force is greater; the acceleration of the
balloon is upward. (c) When the charged tube is not directly beneath the charged balloon,
there is a sideways acceleration.
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Comparison of High School Science Sequence Models

T

he Science Framework for California Public Schools: Kindergarten
Through Grade Twelve (CA Science Framework) presents three
alternative high school curricular sequences for implementing

instruction to meet the California Next Generation Science Standards (CA
NGSS). The Four-Course Model presents disciplinary core ideas (DCIs)
in four discipline-specific courses: biology, chemistry, physics, and Earth
and space science. The Three-Course Model integrates all Earth and space
science DCIs into biology, chemistry, and physics courses. In contrast with
both of these models, the Three-Year Model—called “Every Science, Every
Year”—presents all major sub-disciplines of science in a developmental
progression that unfolds during three successive courses. The purpose of

APPENDIX

4

this model is to use DCIs, science and engineering practices (SEPs) ,
and crosscutting concepts (CCCs) to coordinate and blend biology,
chemistry, physics and geoscience into a unified science curriculum that
promotes the development and application of reasoning skills and concepts
within, between, and beyond traditional curricular boundaries; this is
intended to promote the development of transferable reasoning skills that
can be used throughout life.
This model is designed to help students learn to apply the CCCs across
traditional disciplinary lines to make sense of new learning. Although all
models emphasize the use of CCCs, the Three-Year Model employs CCCs as
the organizing principle.

Pedagogically Sound Learning Progression
When developing a curricular sequence for an integrated science course,
educators should consider arrangements that facilitate three-dimensional
learning, maximizing the use of SEPs and the application of CCCs to learn
new DCIs. Knowledge and skills should build within a course and between
courses. The executive summary of the Next Generation Science Standards
(NGSS) states that “The emphasis of the NGSS is a focused and coherent
2016 California Science Framework
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progression of knowledge from grade band to grade band, allowing for a dynamic process
of building knowledge throughout a student’s entire K–12 scientific education” (NGSS Lead
States 2013a). The Three-Year Model: Every Science, Every Year strives to achieve this goal.
The sequence suggested in this outline is designed so that fundamental and transferable
concepts are taught earlier in the sequence so that students can use them to learn more
complex and specific concepts later in the sequence. Fundamental concepts are those that
are necessary for understanding more specialized concepts, whereas transferable concepts
are those that have wide applicability and can be used to unify learning across traditional
disciplinary lines. When examining the curricular overview (table app 4.1), one notices that
DCIs are arranged from top to bottom and from left to right. The concepts in the upper
left of a course are more fundamental and transferable than the concepts in the lower
right. For example, in course 1 (figure app 4.3), the physical science concepts of forces
and motion are introduced first because they can be used to understand concepts such as
the structure and function in animals (e.g. muscle action, body levers, kinesiology) and the
forces moving tectonic plates and eroding the physical landscape. In addition, more basic
concepts are introduced in course 1 so that they can be applied in course 2 (figure app 4.4),
and less basic concepts are introduced in course 2 so that they can be applied in course
3 (figure app 4.5). For example, forces are introduced in course 1 as pushes and pulls,
enabling students to understand what energy accomplishes through the four fundamental
forces when energy is introduced in course 2. Similarly, the structure [CCC-6] of the atom
is introduced in course 1 so that students are prepared to understand the chemistry of
biogeology in course 2, as well as nuclear reactions in course 3. The structure of the atom
is a more fundamental concept that can be used to explain the later two concepts, while
neither nuclear reactions nor biogeology are useful for introducing students to the structure
of the atom.

Learning from Other Successful Countries
Integrated science models have a strong track record of success in other countries and
provinces. Analyzing the science standards of ten countries that produce significant scientific
innovations and have high scores on international benchmark tests, Achieve (2010) found
that all ten used an integrated science model through the middle grades, and seven of the
ten countries kept science integrated all the way through grade ten. Summarizing qualitative
trends from their analysis, Achieve (2010) concluded that, “Standards based around
‘unifying ideas’ for Primary through Lower Secondary seem to confer more benefits than a
discipline-based structure.” This statement articulates part of the rationale behind the seven
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crosscutting concepts from the CA NGSS that link together all disciplines of science and
engineering. Given that these CCCs cannot be understood within a single context or even a
single scientific discipline, this Three-Year Model is designed around progressions in CCCs

Three-Dimensional Learning
The NGSS are designed to encourage “three-dimensional learning,” symbolized by the
logo shown in figure app 4.1. The three dimensions are disciplinary core ideas (DCIs),
science and engineering practices (SEPs), and crosscutting concepts (CCCs). Students
employ SEPs to learn DCIs. In the process, they apply CCCs across traditional disciplinary
boundaries. The CA NGSS performance expectations provide a framework for assessing this
three-dimensional learning.
Figure App 4.1. The Three Dimensions
of NGSS are Intertwined

Three-dimensional learning requires students to
think like scientists and engineers. They must

P ra c t i c e s

employ SEPs to solve problems and understand

Co

concepts. Rather than memorizing the discoveries

nt

en

and inventions of others, three-dimensional

t

learning requires students to ask questions that
will lead to personal discoveries used to explain
phenomena, and define problems that can be

sc
Cro s

u

g
tti n

solved using simple engineering principles. Rather
than simply memorizing the models developed by
scientists and engineers, three-dimensional
learning requires that students develop their

Source: NGSS Lead States 2013b

own models [SEP-2] to represent how the world
works. Rather than simply studying

the investigations [SEP-3] of famous researchers, three-dimensional learning requires that
students plan and conduct investigations, analyze and interpret the data, and use
mathematics and computational thinking to describe what they find. Finally, threedimensional learning requires students to construct explanations and design solutions
[SEP-6] , to defend such explanations and designs using evidence [SEP-7] , and

to evaluate and communicate [SEP-8] their ideas to others.
For students to think like engineers and scientists, they need to apply CCCs among
multiple disciplines or topics. For example, students who are trained to see patterns in
the distribution of earthquakes and volcanoes will be better able to recognize patterns in
species distribution within an ecosystem. Students who think like scientists and engineers
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realize that patterns [CCC-1] in data suggest underlying causes [CCC-2] . Earthquakes
and volcanoes are not randomly distributed around the world, but appear in specific
groupings that suggest common underlying causes. Similarly, organisms are not randomly
distributed in an ecosystem, but are found in distributions determined by underlying causes,
such as microclimate and soil type. Using three-dimensional learning, students apply the
principle of cause and effect [CCC-2] to a variety of phenomena, regardless of traditional
disciplinary classifications. Three-dimensional learners understand that concepts such
as scale, proportion, and quantity [CCC-3] are helpful for understanding disciplinary core
ideas in biology, chemistry, physics, and Earth and space science. They learn that such
concepts as energy [CCC-5] , structure and function [CCC-6] , and stability and change
[CCC-7] can be used in all science disciplines, thereby leveraging their knowledge to

simplify the learning of new material.

The Three-Year Model and Crosscutting Concepts
Biology studies living systems; physics studies the nature and properties of matter and
energy; chemistry studies the ways in which matter interacts, combines, and changes;
and Earth science integrates all the sciences to understand the history of the Earth and
how humans interact with it. Although these sound like distinct fields of study, there is
much overlap as seen in the names of other disciplines such as biophysics, biochemistry,
and physical chemistry. Although the Four-Course Model and the Three-Course Model
present learning according to these traditional curricular divisions, the Three-Year Model:
Every Science, Every Year, includes these logical groupings of DCIs but relies more heavily
on CCCs as an organizing principle. For example, in a traditional curricular sequence,
students learn the concept of energy and its applications in the context of one of the four
major scientific disciplines. In biology, they discuss the flow of energy [CCC-5] through
organisms and ecosystems, while in chemistry they study reactions that give off energy
(exothermic) or consume energy (endothermic) from their environment. In space science
they may discuss energy production in stars, while in physics they define energy as the
capacity to do work. Although students are introduced to the same concept four times over,
they may not fully realize that energy is energy, regardless of the discipline being studied.
The Three-Year Model: Every Science, Every Year highlights CCCs by discussing
applications of such concepts in all four basic sciences within the same course. For example,
in a traditional, discipline-specific Earth and space science course, a student may study
weather and climate as an isolated topic, but in the Three-Year Model: Every Science, Every
Year, the student would be learning about weather and climate in the same course as some
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basic physics, chemistry, and biology concepts. Figure app 4.2 illustrates a few of the many
linkages between sciences. For instance, a student may learn that the energy of a hurricane
can be expressed either as the total amount of energy released by the condensation
of water droplets, or by the amount of kinetic energy generated to maintain the strong
swirling winds. He or she is already familiar with the concept of energy, having learned
about it earlier in the course when it was introduced in a physics instructional segment.
The student knows that energy is the capacity to do work and that work is the product of
force and distance and is therefore better able to grasp how hurricanes generate strong
winds. Later in the course, the student learns how hurricanes help cycle energy and matter
in ecosystems and how they may exert a selective pressure on plant and animal species in
regions where they are common. Regardless of the curricular sequence used, the teacher
should strive to help students develop three-dimensional learning by introducing activities
that require students to use science and engineering practices while applying crosscutting
concepts to meet the demands of the performance expectation.

Integrated Courses Rooted in Phenomena
A successful integrated course addresses key scientific problems and investigates them
using all of the relevant branches of science. There are endless phenomena upon which
one could base an instructional segment of instruction or an entire course to meet all the
performance expectations of the CA NGSS. The scientific problem or topic of inquiry should
be chosen based on the local context, including the school’s location and teacher and
student interests. In Sacramento, a course might be based on processes related to rivers. In
Fresno, agriculture could be the theme. Schools near the San Andreas Fault system might
choose earthquakes. Coastal communities could investigate sea-level rise due to climate
change. A school with a championship baseball team might plan an instructional segment on
the physics and biochemistry of playing baseball (they might even be able to integrate Earth
science and the urban heat island effects in the stands versus on the grass playing field).
Table app 4.1 illustrates a few possible phenomena. Because of the importance of local
context, the Three-Year Model: Every Science, Every Year is not described with the same
level of detail as the other course models.
As districts, schools, or classrooms target specific phenomena, they can address the
performance expectations in any order they wish. The course sequences illustrated in this
chapter are simply one example of a developmental approach. Neither this framework nor
the State Board of Education mandates that performance expectations be taught in any
particular year or any particular course—this decision is entirely in local control. Schools
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must ensure that every student can meet every performance expectation, but they have
flexibility to do this however they choose.
One challenge with building a course around phenomena is that they do not always
lend themselves to a sequence that builds developmentally (i.e., the central process might
include simple ideas in physical science but very complex ideas from life science). Care
should be taken to select a progression of scientific problems that build upon one another.
Table app 4.1 shows examples of how DCIs in multiple disciplines are required to gain a full
understanding of many phenomena. Information in parentheses next to each DCI is a brief
summary of how the DCI applies to the phenomena (where appropriate or not obvious).
Table App 4.2. Organization of Performance Expectations in Sample Three-Year Model:
Every Science Every Year

Phenomenon
Landslides

Physical Science
DCIs
PS1.B Chemical
Reactions (chemical
weathering)
PS2.A Forces and
Motion (balanced
forces becoming
unbalanced)
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Life Science DCIs
LS1.A Structure and
Function (roots)
LS2.C Ecosystem
Dynamics,
Functioning, and
Resilience (succession
following landslides)

Earth and Space
Science DCIs
ESS2.A Earth Materials
and Systems (strength
of materials)
ESS2.C The Roles of
Water in Earth’s
Surface Processes
(pore pressure)

PS2.B Types of
Interactions (gravity)

ESS3.B Natural
Hazards

PS3.D Energy and
Chemical Processes in
Everyday Life

ESS3.C Human
Impacts on Earth
Systems (alterations of
slopes)
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Phenomenon
Baseball

Physical Science
DCIs
PS1.A Structure and
Properties of matter
(food)
PS1.B Chemical
Reactions (chemical
reactions for player’s
food)
PS2.A Forces and
Motion (momentum
transfer bat-to-ball,
friction of sliding)

Life Science DCIs
LS1.A Structure
and Function (body
size versus batting
average)
LS1.B Growth
and Development
of Organisms
(muscular system and
respiratory system)

PS2.B Types of
Interactions (gravity
on ball in flight)

LS1.C Organization
for Matter and Energy
Flow in Organisms
(energy from food,
respiration)

PS3.A Definitions of
Energy (kinetic energy
of ball)

LS1.D Information
Processing (keep your
eye on the ball)

PS3.B Conservation
of Energy and Energy
Transfer (energy
transfer bat-to-ball)

LS2.B Cycles
of Matter and
Energy Transfer
in Ecosystems
(respiration)

PS3.D Energy and
Chemical Processes in
Everyday Life

Earth and Space
Science DCIs
(All three of these
connections are slightly
contrived)
ESS3.B Natural
Hazards (stadium
safety, 1989 World
Series interrupted by an
earthquake!)
ESS2.C The Roles of
Water in Earth’s Surface
Processes (urban
heat island effects—
evaporative cooling)
ESS2.D Weather and
Climate (urban heat
island effects—sitting in
the stands versus being
on the field)

LS3.B Variation
of Traits (body
size versus batting
average)
LS4.D Biodiversity
and Humans (seagulls
circle overhead to eat
trash)
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Phenomenon
Photosynthesis

Physical Science
DCIs

Life Science DCIs

PS1.A Structure and
Properties of matter
(elements and atoms)

LS1.A Structure
and Function (cells,
leaves)

PS1.B Chemical
Reactions (how
photosynthesis works)
PS3.A Definitions of
Energy

LS1.B Growth and
Development of
Organisms (DNA
fabrication of
chlorophyll)

PS3.B Conservation
of Energy and Energy
Transfer (tracking
energy through
photosynthesis)

LS1.C Organization
for Matter and Energy
Flow in Organisms
(food webs, carbon
cycle)

PS3.D Energy and
Chemical Processes in
Everyday Life

LS2.A Interdependent
Relationships in
Ecosystems (food
webs)

PS4.B
Electromagnetic
Radiation (energy
source)

Earth and Space
Science DCIs
ESS1.A The Universe
and Its Stars
(understanding the
energy source)
ESS1.C The History of
Planet Earth (evolution
of atmosphere)
ESS2.D Weather and
Climate (climate-related
biomes)
ESS2.E Biogeology
ESS3.D Global Climate
Change (relationship to
carbon cycle)

LS2.B Cycles
of Matter and
Energy Transfer
in Ecosystems
(respiration)
LS3.A Inheritance of
Traits (evolution of
photosynthesis)
LS4.C Adaptation
(deciduous versus
evergreen; land
versus sea plants)
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Phenomenon
Climate change

Physical Science
DCIs
PS1.B Chemical
Reactions (combustion
of fossil fuels)
PS3.B Conservation
of Energy and Energy
Transfer (Earth’s
energy balance)
PS4.B
Electromagnetic
Radiation (greenhouse
effect)

Life Science DCIs
LS1.C Organization
for Matter and Energy
Flow in Organisms
(respiration)
LS2.A Interdependent
Relationships in
Ecosystems (impacts
on food chains)
LS2.B Cycles
of Matter and
Energy Transfer in
Ecosystems (carbon
cycle)
LS2.C Ecosystem
Dynamics,
Functioning, and
Resilience (impacts on
populations)
LS4.C Adaptation
(adapting to changing
climate)
LS4.D Biodiversity
and Humans (human
impacts)

Earth and Space
Science DCIs
ESS1.C The History of
Planet Earth (evolution
of the atmosphere)
ESS2.A Earth
Materials and Systems
(atmosphere, rock cycle)
ESS2.C The Roles of
Water in Earth’s Surface
Processes (impacts of
changes to the water
cycle)
ESS2.D Weather and
Climate
ESS2.E Biogeology
(feedbacks with
vegetation)
ESS3.A Natural
Resources (energy
resources/fossil fuels)
ESS3.B Natural
Hazards (impacts on
climate hazards)
ESS3.C Human
Impacts on Earth
Systems (humaninduced climate
change)
ESS3.D Global Climate
Change

Performance Expectations and Curricular Sequence
The performance expectations represent what all students should know and be able to
do. Each student should be held accountable for demonstrating his or her achievement of all
performance expectations, which are written to allow for multiple means of assessment. It
is important that the first two courses in this sequence adequately prepare students for the
standardized assessments so that they can perform well, even if they take only two years
of the sequence. This is taken into account as part of the design for the curricular sequence
proposed in figure app 4.2. Course 1 introduces students to basic concepts, while course
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2 provides greater depth and extends understanding to new domains. Although all of the
material in course 3 is important, it was designed so that students would be able to perform
adequately on an assessment of all the performance expectations if the materials in course
1 and course 2 are learned well. Table app 4.2 presents one way of organizing performance
expectations in a sample of the Every Science, Every Year Course.
Table App 4.2. Organization of Performance Expectations in Sample Three-Year Model:
Every Science Every Year
DCI

COURSE 1

Physical Science

HS-PS1-1

Life Science

Earth and Space
Science

COURSE 2

COURSE 3

HS-PS2-1

HS-PS3-1

HS-PS1-8

HS-PS1-2

HS-PS2-2

HS-PS3-2

HS-PS3-3

HS-PS1-3

HS-PS2-3

HS-PS3-5

HS-PS3-4

HS-PS1-4

HS-PS2-4

HS-PS4-1

HS-PS4-5

HS-PS1-5

HS-PS2-5

HS-PS4-2

HS-PS1-6

HS-PS2-6

HS-PS4-3

HS-PS1-7

HS-PS4-4

HS-LS1-1

HS-LS2-1

HS-LS3-1

HS-LS2-2

HS-LS1-2

HS-LS2-2

HS-LS3-2

HS-LS2-6

HS-LS1-3

HS-LS2-3

HS-LS3-3

HS-LS2-7

HS-LS1-4

HS-LS2-4

HS-LS4-1

HS-LS2-8

HS-LS1-5

HS-LS2-5

HS-LS4-2

HS-LS4-5

HS-LS1-6

HS-LS2-6

HS-LS4-3

HS-LS4-6

HS-LS1-7

HS-LS2-7

HS-LS4-4

HS-ESS2-1

HS-ESS2-2

HS-ESS1-1 HS-ESS3-1

HS-ESS2-3

HS-ESS2-4

HS-ESS1-2 HS-ESS3-2

HS-ESS2-5

HS-ESS2-6

HS-ESS1-3 HS-ESS3-3

HS-ESS2-7

HS-ESS1-4 HS-ESS3-4
HS-ESS1-5 HS-ESS3-5
HS-ESS1-6 HS-ESS3-6
HS-ESS2-2

Engineering,
Technology, and
Society
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HS-ETS1-1

HS-ETS1-1

HS-ETS1-1

HS-ETS1-2

HS-ETS1-2

HS-ETS1-2

HS-ETS1-3

HS-ETS1-3

HS-ETS1-3

HS-ETS1-4

HS-ETS1-4

HS-ETS1-4
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Credential Information
The California Commission on Teacher Credentialing authorizes the majority of high
school science teachers to teach courses that integrate the sciences across content areas
(see table app 4.3). While many teachers will need additional professional development
for DCIs outside their area of content specialization, their understanding of science and
engineering practices and crosscutting should provide them a firm foundation to teach
courses in this sequence.
Table App 4.3. Credentials Authorized to Teach Integrated Science in High School
(California Commission on Teacher Credentialing 2014)
SCIENCE CONTENT AREA
AUTHORIZATION

AUTHORIZED TO TEACH
INTEGRATED SCIENCE
IN GRADES 9–12

Foundational-Level General Science

NO

Science: Biological Sciences

YES

Science: Chemistry

YES

Science: Physics

YES

Science: Geosciences

YES

Biological Sciences (Specialized)

NO

Chemistry (Specialized)

NO

Physics (Specialized)

NO

Geosciences (Specialized)

NO
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Figure App 4.2. Summary Table of All the Three Years of the Three-Year Model: Every
Science, Every Year
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Figure App 4.3. Connection Between the DCIs in the First Year of the Three-Year Model:
Every Science, Every Year
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Figure App 4.4. Connection Between the DCIs in the Second Year of the Three-Year Model:
Every Science, Every Year
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Figure App 4.5. Connection Between the DCIs in the Third Year of the Three-Year Model:
Every Science, Every Year
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Literature is the most astonishing technological means
that humans have created, and now practiced for thousands
of years, to capture experience. For me the thrill of literature
involves entering into the life worlds of others. I’m from a
particular, constricted place in time, and I suddenly am part of
a huge world—other times, other places, other inner lives that
I otherwise would have no access to.
— Stephen Greenblatt, The Swerve: How the World Became
Modern

I

n the quote above, Stephen Greenblatt, a professor of humanities at
Harvard and the 2012 Pulitzer Prize winner for nonfiction, offers a view
of reading as a tool to extend experiences beyond what otherwise is

possible in regular life. This is particularly relevant when addressing the
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experiences students have in the science classroom and when offering
them the opportunity to become life-long learners of science. Reading is a
basic and essential skill for every student in science. However, reading in
the science classroom goes beyond the ability to comprehend and gather
information from text material. Students not only read to interpret text,
decode tables and graphs, and understand equations, but also to have an
experience with the content of that text. In turn, this experience can be used
to engage and motivate students to explore the topic further on their own.
A positive experience with informational and literary texts allows students’
imaginations to expand and their interest in scientific literature to deepen.
In this section, recommendations are made to provide teachers with
examples of a variety of literature resources that might stimulate students’
minds and deepen their understanding of science and engineering topics
related to the CA NGSS. Trade books provide a valuable addition to the
science curriculum, in particular in grades K–5. These texts, supplementing
and not replacing science instruction, broaden the genre of the written
2016 California Science Framework
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materials to not only include science information books, but also fiction, narrative, and
even poetry. The use of these texts provides opportunities to expand students’ interests in
science by connecting scientific content to topics relevant to their lives. In addition, these
texts allow students to examine scientific content through the lens of different literary
genres. Another valuable resource is the Outstanding Science Trade Books for Students
K–12, published annually by the National Science Teacher Association. This list of awardwinning books is researched and approved each year by educators. The 2015 list is available
at the National Science Teachers Association (NSTA) Books and Resources Web page at
http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link1.
The English Language Arts/English Language Development Framework for California
Public Schools: Kindergarten Through Grade Twelve (CDE 2015) provides guidance on using
a variety of texts in the classroom. First, there is an interdisciplinary expectation that the
development of each student’s literacy skills is a shared responsibility—science teachers
collaborating with teachers of other academic content subjects for an integrated model of
literacy across the curriculum. Furthermore, there are a few things to consider when you are
using literary and informational text during science instruction.
Most importantly, reading trade books with a science link, tales about science
investigations, historical case studies, or biographies of scientists or engineers is fascinating
and can greatly enhance the learning experience. A fundamental way to foster student
motivation and engagement is through a variety of nonfiction reading selections. Joy
Hakim’s book Reading Science Stories helps the reader appreciate science through reallife scenarios. It is through narrative nonfiction that a student may possibly relate to the
experiences of a scientist and be encouraged to engage in the practices of science. The
book offers 22 different stories of scientists; it explores how they approached problems
and provides insight into their life experiences. However, reading trade books or narrative
nonfiction does not replace the need for students to actually do science.
Literature circles, long used in ELA classrooms, are successful with science-based
nonfiction as well (Straits and Nichols 2006; Wilfong 2009) and have been shown to help
with access and equity (Ogbomo 2014). For an overview of how to incorporate literature
circles in a science classroom, see the NSTA Books and Resources Web page at http://www.
cde.ca.gov/ci/sc/cf/appx5.asp#link2.
Informational text fits naturally into the 5E (Engage, Explore, Explain, Elaborate, and
Evaluate) lesson cycle after students have had prior experience with the science ideas under
review. After seeing a phenomenon, experiencing a discrepant event, or exploring with
materials, students are primed to glean information from written text.
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Nonfiction literature is intended for use with hands-on activities to challenge thinking,
scaffold understanding, and enhance the learning experience. Children’s literature can serve
as a springboard for science investigations. Many elementary teachers are comfortable using
trade books as part of their ELA instruction. The questions that many teachers ask during
the reading of trade books can be modified to be more science-based. (See chapter 11 on
instructional strategies in this framework for question stems that promote scientific thinking
and reasoning.)
Some science-themed trade books can also be used to promote investigations. Teachers
can stop reading aloud during strategic points in the text to give students the opportunity
to generate researchable questions and follow up with an investigation before finishing
the story. A wide variety of resources share ways to effectively use fictional trade books
to enhance and support science investigation (Ansberry and Morgan 2004; Ansberry and
Morgan 2005; Butzow and Butzow 1989; Butzow and Butzow 1998; Brainard and Wrubel
1993; Flagg and Ory 2002; Freedman 1999; Gertz, Portman, and Sarquis 1996; Glandon
2000; Morgan and Ansberry 2013; Royce, Morgan, and Ansberry 2012; Shymansky, Yore, and
Hand 2000; Staton and McCarthy 1994a; Staton and McCarthy 1994b).

Connecting Science and Literature
This appendix provides teachers with resources to locate and use literature in their
classrooms. While finding appropriate nonfiction and fiction is important, so too is how that
literature is incorporated in teaching. There are a few important points that need to be
made regarding how science and literature are related and connected.
Reading science content alone through the use of informational text or fictional stories
with a science theme is not sufficient for learning science. When used effectively, having
students read science content can help shape their scientific understanding. Often it is best
to have reading come later in the learning sequence, allowing students the opportunity to
improve their mental models of scientific phenomena and find answers to questions they
have generated. However, a well-chosen piece of fiction or nonfiction can also serve to
engage students and may generate a spark at the beginning of an instructional sequence.
Literacy strategies, regularly employed in other subject areas, also work in the context of
science. Using science as the context for weaving content and literature together will help
support the development of literacy skills—reading, writing, speaking, and listening—and
the understanding of science.

2016 California Science Framework

Appendix 5

1753

Recommended Literature for Science Classrooms

1-PS4-1. Plan and conduct investigations to provide evidence that vibrating materials can
make sound and that sound can make materials vibrate. [Clarification Statement: Examples of
vibrating materials that make sound could include tuning forks and plucking a stretched string.
Examples of how sound can make matter vibrate could include holding a piece of paper near a
speaker making sound and holding an object near a vibrating tuning fork.]

Case Study #1
Grade 1 Mrs. B started a unit on sound and the interaction between sound and vibrations.
Analysis of the CA NGSS standards for the grade level indicates the students need to focus
on the concept that sound makes vibrations and vibrations make sound. Mrs. B did not think
her students connected vibration as the cause of sound or that sound causes vibrations.
The crosscutting concept of cause and effect and observation of patterns between different
sounds were important parts of understanding sound. Mrs. B selected a nonfiction literature
book that she predicted would explain more about how sound causes movement/vibrations
and vibrations cause sound. She read the book after the students had participated in several
sound explorations and had developed questions about the activities.
Mrs. B began the learning sequence at the carpet circle by asking the class to think- pairshare in response to the question “What makes sound?” After pairs of students discussed the
prompt, Mrs. B asked the students to respond by verbalizing what their partner had said about
sound. Students used the prompt “My partner said . . .” as the teacher recorded responses
on a circle chart with sound in the center. The partner talk (ELD strategy) was used to chart
responses visually on the board. Responses on the chart included “My dog barks,” “My cat
meows,” “The car makes sounds,” “Phones make sounds,” and “I make sounds.” Mrs. B
listened for the moment when children mentioned they make sounds.
Mrs. B asked the children if they all were able to make a sound. To open the activity, she
said, “Let’s figure out what happens when we all make a sound (phenomenon).” She then
asked students if they thought a person who is deaf would know if sounds were being made.
She asked the students to touch their own throats when they say the sentence “I like to go
outside to play.” She asked children to describe what they felt. Responses included buzzing,
moving, tickling, and wiggling. She added that the word movement could also be called
vibration. Next she asked each student to touch his or her partner’s throat while the partner
said the sentence and to explain to the partner how it felt while the partner was talking. She
revisited the question about someone who cannot hear being able to recognize that a sound
was being made. Mrs. B then read a story to the class, I Have a Sister, My Sister is Deaf by
Jeanne Whitehouse Peterson. The book describes two sisters; although one sister cannot hear,
she can feel vibrations. The narrator describes all that her sister can do, including the sensing
of vibrations. Mrs. B told the students that they would try to recognize and feel vibrations, just
like the character in the book.
Mrs. B next presented the class with a challenge to find out if sound always causes
something to move or vibrate. She set up two stations to explore: one with water tubs and
tuning forks and another with a drum with grains of rice in the center of the drum. She
explained their job was to find out if sound caused something to move and then record in
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pictures or words what they observed. Children became very animated as they observed the
rice jumping on the drum and the water rippling from the tuning fork. Mrs. B asked questions
that focused the students on the cause and effect of the moving water and rice: “What caused
the rice to jump? Can rice jump without sound? What made the water move? Would it move
without the sound of the tuning fork?” Mrs. B observed that the children were able to say
sound was the cause of the movement, but they were not able to articulate the idea that
sound caused vibrations.
Mrs. B brought the children back to the carpet to debrief what caused movement and to
further explore what stops movement. She asked them to describe what happened at both
stations. Children were able to describe that something moved or vibrated when they made a
sound. Mrs. B went on to ask students to think-pair-share in response to the question “How
can we stop the sound?” Responses included “Stop hitting the drum” and “Stop hitting the
tuning fork.” She asked, “What else could we do?” One student said, “Hold the fork tight.” Mrs.
B used the response for the next challenge.
She asked, “Let’s find out if we can stop the sound if we stop the vibration or movement.”
There were also two stations for exploration number two. Children were asked to figure out
how to stop the sound of clinking metal spoons swinging from strings and stop the sound of
the tuning fork. The class quickly figured out ways to stop the movement—the vibration—and
the effect of stopping the vibration was to stop the sound.
Mrs. B brought the class back to the carpet and asked them to check their throat
movement as they talk about what makes sound. She asked several questions: “Does
your throat move? Do all things move or vibrate when sounds are made? What caused the
vibration/movement on the tuning fork or the spoons? How did you stop the vibrations? How
might we stop vibrations and still have sound? Can we stop sound and still have vibrations?”
The children were not sure if stopping vibration would cause sound to stop.
Mrs. B asked the children to think-pair-share about questions they might have about
sound and vibrations. She charted questions including “Can moving things make sound? Can
something make a sound and not vibrate? Do big sounds make more vibrations? Do small
sounds make small vibrations?” Mrs. B charted all the questions and explained that they could
find out some answers to their questions in a book. She brought out a book for a read aloud
(or partner reading) about sound and asked the children to listen for the answer to their
question or a question they liked. She gave them a moment to pick their question.
Mrs. B read What is Sound? by Charlotte Guillain and asked children to listen for
information in the book that answered the questions. Responses were recorded next to each
question. Some questions were not answered, so Mrs. B said she would look for books or
other things to try to answer those questions. She explained to the children that the next day
they would make an instrument that vibrates and see if it produced sound when it vibrated.
The pattern for Mrs. B’s learning sequence was based on knowledge about how people
learn; it was designed to weave cause and effect, collecting and analyzing data, and the
core idea that sound makes vibrations and vibrations make sound. The pattern includes the
following: (1) beginning with a real-world phenomenon, such as children feeling movement
when they speak; (2) explorations to illustrate the scientific concept with hands-on materials
including making sounds and stopping sounds; (3) debrief questions that help students make
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the connections between the cause of sound and the effect of vibrations and the reverse;
(4) further questions critical in helping student’s generalize explorations and build solid
connections; and (5) informational text to connect students’ experiences and answer
questions they developed.
In a first-grade class, the literature was read aloud or printed on a large chart. The words
about vibrations and sound were introduced in the context of science explorations, charting,
debrief questions, and student-partner talk in order to make these concepts accessible to all
students including English learners. Students developed an understanding of vibrations in a
rich context and described vibrations in their own words before the term was introduced.
This pattern of instruction is appropriate for all levels. Selection of experiences and reading
material changes with maturity.
1. Engage in phenomena.
2. Explore with materials. (Multiple explorations are important for generalizations.)
3. Debrief or explain what is explored.
4. Generate further questions.
5. Read to answer questions (whole-class, partner, and individual reading are always done
with a purpose).

Incorporating fictional text with a science-based theme can be a nice enhancement to your
lesson. Again, to be clear, this is not a substitute for science instruction. However, there are
many ways that fictional stories can support science instruction. Stopping at points to critique
the science content, conducting investigations to see if what is reported in the story is actually
true, and using scientific thinking to analyze what’s written all work to help students be critical
consumers of information—all while appreciating a good story.
Mrs. B read The Happy Hedgehog Band by Martin Waddell. This story is about animals that
make and play drums and other musical instruments. Mrs. B read the story once. The story
was then read a second time and the class developed a two-column chart with the headings
“Real” and “Not Real.” Students were asked to listen for things animals can really do and
things that are pretend or not real. Debriefing the list helped students develop a beginning
understanding of how fiction is different from nonfiction.
Mrs. B extended the lesson to incorporate engineering practices (K2-ETS1) into the
exploration by challenging students to make their own instruments. As they did so, they
needed to identify the source of the vibrations making the sounds. The Happy Hedgehog Band
book could have been used earlier in the lesson sequence, before students made their own
instruments; or it could have been used later in the sequence, with students referring back to
their homemade instruments and comparing them to the instruments the hedgehogs made.
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The strategies exemplified in the first-grade case study work at other grade levels as
well, to develop the disciplinary core idea of Wave Properties (PS4.A). Below are short
snapshots of how waves and literacy strategies can be linked together at other grade levels.
In fourth grade, students begin to explore waves in an Earth Science unit by making
waves in stream trays to investigate how the amount of energy in the wave affects erosion
on a model coastline. The use of a slow-motion smartphone camera allows them to slow
down the waves to observe their structure. They learn that waves with more energy have
larger amplitudes and cause more erosion. For more information related to this performance
expectation, visit the NSTA Earth’s System Web page at http://www.cde.ca.gov/ci/sc/cf/
appx5.asp#link3 (4-ESS2-1).
They then model waves with long stretched springs and describe the pattern that more
energy leads to waves with larger amplitudes and/or shorter wavelengths (more humps).
For more information related to this performance expectation, visit the NSTA Waves and
Their Applications Web page at http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link4 (4-PS4-1).
This leads to questions that can best be answered by text such as “Do waves like light and
sound, which are too fast and small to observe firsthand, also have properties like amplitude
and wavelength?” After summarizing the patterns seen in the data, students generate a list
of questions about how light and sound travel. The questions are used to focus interactions
with the text. Through close reading of text, students connect the ideas learned on waves
they can see and manipulate to properties of light and sound waves, which they cannot
directly observe, like color, pitch, and intensity that vary with wavelength and amplitude.
An informal STEM organization visits the class for several sessions to teach the students
how to build and program Lego Mindstorms robots. Students learn to connect a sound
sensor and program the robot’s computer “brain” to respond to sounds above a certain
volume. The robot can react in the way that students choose when they clap hands or
whistle loudly. They also attach a light sensor that can distinguish the amount of light
reflected off an object and program the robot to respond to the intensity of light to stop at a
dark line or choose between two differently colored objects.
The students now have had enough experience to make text readings on the ear
and eye and how they send information to the brain interesting and meaningful. They
can also extend their learning by programming the robot to detect ultrasound and read
about echolocation in animals like bats and dolphins. Students compare and contrast
how animal senses work with the function of the robot that they learned to program. For
more information related to this performance expectation, visit the NSTA Waves and Their
Applications Webs page at http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link5 (4-PS4-2) and
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http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link6 (4-LS1-2). The readings are used to answer
the question “How do animal senses compare to the sensors of our robots?”
In eighth grade, learning about waves continues as students take a field trip to a local
hospital and learn about the many ways that waves are used to help diagnose patients.
Students observe ultrasound, X-rays, MRI, and CAT scans.
Back in class they revisit spring waves and begin to describe them mathematically. For
more information related to this performance expectation, visit the NSTA Waves and Their
Applications Web page at http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link7 (MS-PS4-1).
They are challenged to use the smartphone app Anechoic to design a process to visualize an
object hidden behind a fabric screen using sound waves. In doing so, they need to consider
the way that the sound waves interact with the various materials. For more information
related to this performance expectation, visit the NSTA Waves and Their Applications Web
page at http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link8 (MS-PS4-2). They also learn some
simple coding changes in the Python language that lets them visualize their data in many
different ways to look for patterns. They will revisit this idea when exploring how telescopes
work during the astronomy unit later in the year.
Students are asked to generate a list of questions about how information is sent by
coding. This is followed by reading on how information can be digitized and transmitted,
which they will relate to their own design and method of visualization. For more information
related to this performance expectation, visit the NSTA Waves and Their Applications Web
page at http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link9 (MS-PS4-3).
In high school the students revisit the properties of waves as part of an Earth Science
unit on Earth’s systems. For more information related to this performance expectation, visit
the NSTA Earth and Human Activity Web page at http://www.cde.ca.gov/ci/sc/cf/appx5.
asp#link10 (HS-ESS3-6) and the NSTA Earth’s Systems Web page at http://www.cde.
ca.gov/ci/sc/cf/appx5.asp#link11 (HS-ESS2-2). Because much of the data that scientists
use to understand interacting Earth systems comes from satellite data based on different
electromagnetic waves, the students choose a type of data and do a research project to
learn about a specific technology and how it works.
Teams of students work to answer the question about how waves are used in technologies
that benefit society. The students are asked to develop a class list of possible questions
to research. Students select a question or questions to investigate with a group of two to
four other students. They use the Internet to find sources of information, evaluate them for
reliability, and synthesize information from multiple sources to describe how the technology
works to study things like ocean temperature, ground water movement, vegetation patterns,
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and weather patterns. Students may need guidance on locating and evaluating online
resources; science teachers should collaborate with the teacher librarian to teach these
subscription databases. For more information related to this performance expectation,
visit the NSTA Waves and Their Applications Web pages at http://www.cde.ca.gov/ci/sc/
cf/appx5.asp#link12 (HS-PS4-5) and http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link13
(HS-PS4-4).

Finding Appropriate Science-Related Texts
The California Department of Education Web site Recommended Literature: Prekindergarten
Through Grade Twelve (http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link14) is a searchable
database of books to help students, teachers, and families find books that entertain, inform,
and explore new ideas, cultures, and experiences. Some of the search categories that can
be used for selection include the author, title, illustrator or translation; grade-level span;
language of a book if other than English or if the title is bilingual; cultural designations;
genre; classification; curriculum connections; awards; and discipline and topics or areas of
focus within an academic discipline.
While finding appropriate science-related texts, it is also
valuable to use the three-part model explained below for
determining how easy or difficult a particular text is to
read as well as grade-by-grade specifications for increasing
lit
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signaled by the graphic at right, the California Common
Core State Standards for English Language Arts/Literacy
(CA CCSS for ELA/literacy) model of text complexity
consists of three equally important parts:

1. Qualitative dimensions of text complexity. In the CA CCSS for ELA/Literacy, qualitative
dimensions and qualitative factors refer to those aspects of text complexity best
measured or only measurable by an attentive human reader, such as levels of meaning
or purpose; structure; language conventionality and clarity; and knowledge demands.
2. Quantitative dimensions of text complexity. The terms quantitative dimensions and
quantitative factors refer to those aspects of text complexity such as word length or
frequency, sentence length, and text cohesion that are difficult if not impossible for
a human reader to evaluate efficiently, especially in long texts, and are thus today
typically measured by computer software.
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3. Reader and task considerations. While the prior two elements of the model focus
on the inherent complexity of text, variables specific to particular readers (such as
motivation, knowledge, and experiences) and to particular tasks (such as purpose
and the complexity of the task assigned and the questions posed) must also be
considered when determining whether a text is appropriate for a given student.
Such assessments are best made by teachers using their professional judgment,
experience, and knowledge of their students and the subject. The CA CCSS for ELA/
Literacy presume that all three elements will come into play when text complexity and
appropriateness are determined.
Literature used in a school is determined by the district. Each district should have a
selection policy (see the CDE District Selection Policies Web page at http://www.cde.ca.gov/
ci/sc/cf/appx5.asp#link15) that explains the procedures it uses for selecting literature that
reflects the school’s education mission, program, and the ages and interests of its students.
The selection policy should describe the process for reconsidering the use of a title.
The Recommended Literature Web site includes a searchable database across all
content areas. For example, when searching the database for a particular topic, the search
algorithm will search all the content areas returning a list of books associated not only with
the English literature database but also the Visual Arts database, etc. This allows suggesting
connections across content areas as addressed by the CA CCSS and the CA NGSS. Also,
each book has an annotation that explains what the book is about. The annotation can help
educators decide if the title is interesting and appropriate to read.
The titles included in the database were reviewed according to the following criteria:

1760

•

Reader appeal

•

Quality of literature

•

Quality of illustrations/photographs and placement

•

Quality of translation or available in a language other than English

•

Subject-matter content

•

Accuracy of content—especially non-fiction

•

Trade books—easily available everywhere

•

Publisher reputation

•

Authority/author reputation

•

Notable award received by the author of the book
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Below is an example of returned database searches for a given query. The returned
search table includes title of the book, annotation, author, discipline, and copyright year.
Search query:
Discipline: English-Language Arts General; History—Social Science; Science
Annotation: Botany
TITLE

ANNOTATION

AUTHOR

DISCIPLINE

COPYRIGHT

First Peas
to the Table:
How Thomas
Jefferson
Inspired
a School
Garden

A shiny nickel with Thomas
Jefferson’s picture on the
front, “Sweet Victory” seeds,
and bells on the trellis are
Maya’s good luck charms for
the great pea race. Who will
be the first to grow, harvest,
and fill a bowl with shelled
peas that are ready to eat?
It is spring, and the students
gain valuable lessons, both
factual and fictional, in history,
science, notetaking, journaling,
botany, observation, and life in
this title. The book is enhanced
with pencil-and-watercolor
artwork.

Susan
Grigsby

•

English
Language
Arts/
General
History—
Social
Science
Science

2012
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A change to the previous version of the database is the way in which annotations are
provided. Past annotations provided a synopsis of the recommended books, whereas the
current database includes disciplinary categories for mathematics and science and includes
suggestions about how to use the books in the classroom. An example of the outcome of
this revision is shown below:
Search Query:
Periodic Table
Science
GRADE LEVEL SPAN: 9–12
ANNOTATION:
DISCIPLINE:

Previous Database Search Output:
TITLE: Periodic Kingdom, The
ANNOTATION: This book tells the history of

the periodic table as if it were a “periodic
kingdom.” Just like a kingdom, there are
subjects called elements and regions in the
kingdom called families. The relationships
between elements and families are discussed.
See other books in the Science Master series.

Updated Database Search Output:
TITLE: Disappearing Spoon: And Other True
Tales of Madness, Love, and the History of the
World from the Periodic Table of the Elements,
The
ANNOTATION: The formation, organization,
and discovery of each element in the periodic
table are told through engaging accounts. This
book combines history and science in a
fascinating way that humanizes the periodic
table and makes the study of it more exciting.
It is perfect for introducing the elements or
explaining how the periodic table works. The
book is well organized and takes into account
when and how the elements were discovered,
as well as the order in which they were
discovered. The footnotes and appendixes,
which provide further background on the
elements and the way they were found, are
especially useful for teachers and chemists.
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Entries with a copyright of 2003 and newer include these changes. Previously
recommended titles will not reflect the new additions. The searchable database may return
titles of books that are out of print. In addition to books, students in the science classroom
should engage in reading and analyzing text from short or long articles, as well as from
both formal and informal sources (see this framework’s Resource section for possible online
resources.)
Table app 5.1 provides a few examples per grade span of informational and literary texts
that have strong links to the CA NGSS and the framework example units. In some cases,
both the informational and literary texts are given as examples for the same topic. Teachers
can use both texts to provide an analysis of how different literary genres can address the
same topic or to provide a platform for collaboration among teachers in different disciplines.
Table app 5.2 includes the available literature from the California Education and the
Environment Initiative Curriculum. These informational texts can be downloaded free of
charge at the California Education and the Environment Initiative Web site at http://www.
cde.ca.gov/ci/sc/cf/appx5.asp#link16.
Table app 5.3 includes a variety of books that Deborah Farmer Kris discussed in a Mind
Shift article on KQED (http://www.cde.ca.gov/ci/sc/cf/appx5.asp#link17). She stated that
Lisa Brennan, (a middle grades librarian at St. Christopher’s School in Virginia), Maggie
Knapp (head middle and upper grades librarian at Trinity Valley School), and Brooke
Williams (a former children’s librarian at New Haven Free Public Library) contributed titles
located on this table and that these books support student motivation for learning science.
These resources cover famous scientists’ personal and intellectual struggles.
Table App 5.1. Suggested Examples of Informational Texts and Literature in Grades K–12
TITLE

ANNOTATION

AUTHOR

COPYRIGHT

Rachel Carson:
Pioneer of Ecology

Grade span: K–2

Kathleen V.
Kudlinski

1989

Nancy Shaw

1986

CA NGSS: LS2.A: Ecology and
Interdependent Relationships in
Ecosystems; science practices
Text type: Informational,
biography.

Sheep in a Jeep

Grade span: K–2
CA NGSS: PS2.A: Forces and
Motion and PS3.C Relationship
between Energy and Forces.
Text type: Literature, fiction.
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TITLE

ANNOTATION

AUTHOR

COPYRIGHT

Be a Friend to Trees

Grade span: K–2

Patricia Lauber

1994

Alan Zweibel

2007

Byrd Baylor

1989

Tomie dePaola

1984

Ruth Heller

1999

Betty Tatham

2001

CA NGSS: ESS3.A Natural
resources;
ESS3.C Human impacts on
Earth systems; and LS2.A
Interdependent relationship in
ecosystems.
Text type: Informational,
nonfiction.
Our Tree Named Steve

Grade span: K–2
CA NGSS: ESS3.A Natural
resources;
ESS3.C Human impacts on
Earth systems and LS2.A
Interdependent relationship in
ecosystems.
Text type: Literature, narrative.

Amigo

Grade span: K–2
CA NGSS: LS1.C Organization
of matter and energy flow in
organisms.
Text type: Literature, narrative.

The Cloud Book

Grade span: K–2
CA NGSS: ESS2-1
Text type: Literature.

Chickens Aren’t the
Only Ones

Grade span: K–2.
CA NGSS: LS3.A Inheritance of
traits and LS3.B: variations of
traits.
Text type: Informational.

Penguin Chick

Grade span: K–2.
CA NGSS: LS3.A Inheritance of
traits and LS3.B: variations of
traits.
Text type: Informational.
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TITLE

ANNOTATION

AUTHOR

COPYRIGHT

About Marsupials: A
Guide for Children

Grade span: K–2.

Cathryn P. Sill

2006

John Litgow

2011

Clyde Robert
Bulla

1994

Eric Carle

1997

Betsy Franco

2007

Brenda
Guiberson

1993

Barbara Bash

2002

Denise
Fleming

2000

CA NGSS: LS1.A Structure and
function.
Text type: Informational.

Marsupial Sue

Grade span: K–2.
CA NGSS: LS1.A Structure and
function.
Text type: Literary, fiction.

What Makes a
Shadow?

Grade span: K–2.
CA NGSS: PS4.B:
Electromagnetic radiation.
Text type: Informational.

The Very Quiet Cricket

Grade span: K–2.
CA NGSS: PS4.A: Wave
properties.
Text type: Literary, fiction.

Birdsongs

Grade span: K–2.
CA NGSS: PS4.A: Wave
properties.
Text type: Literary.

Cactus Hotel

Grade span: K–2.
CA NGSS: LS2.A: Interdependent
relationships in ecosystems.
Text type: Informational.

Desert Giant

Grade span: K–2.
CA NGSS: LS2.A: Interdependent
relationships in ecosystems and
LS4.D: Biodiversity and humans.
Text type: Informational.

Where Once There
Was a Wood

Grade span: K–2.
CA NGSS: LS4.D: Biodiversity
and humans.
Text type: Informational.
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TITLE

ANNOTATION

AUTHOR

Lives of the Scientists:
Experiments,
Explosions (and
What the Neighbors
Thought)

Grade span: 3–5.

Kathleen Krull

2013

Perry
Atheneum

2003

Kamkwamba
and Bryan
Mealer

2013

Catherine
Thimmesh

2000

Rita Golden
German

2000

Peggy
Christian

2008

Here’s What You Do
When You Can’t Find
Your Shoe (Ingenious
Inventions for Pesky
Problems)

COPYRIGHT

CA NGSS: Science and
engineering practices; Nature
of Science
Text type: Informational.
Grade span: 3–5.
CA NGSS: ETS.2: Influence of
Engineering, Technology, and
Science on Society and the
Natural World.
Text type: Informational.

The Boy Who
Harnessed the Wind

Grade span: 3–5.
CA NGSS: ETS.2: Influence of
Engineering, Technology, and
Science on Society and the
Natural World.
Text type: Informational.

Girls Think of
Everything: Stories of
Ingenious Inventions
by Women

Grade span: 3–5.
CA NGSS: ETS.2: Influence of
Engineering, Technology, and
Science on Society and the
Natural World.
Text type: Informational.

Rice is Life

Grade span: 3–5.
CA NGSS: LS1.C: Organization
for matter and energy flow in
organisms; LS2.C: Ecosystem
dynamics, functioning, and
resilience.
Text type: Informational.

If You Find a Rock

Grade span: 3–5.
CA NGSS: ESS2.A Earth materials
and systems.
Text type: Informational.
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TITLE

ANNOTATION

AUTHOR

Energy Makes Things
Happen

Grade span: 3–5.

Kimberly
Bradley

2002

Allan
Drummond

2015

Melvin Berger

2001

Allan Fowler

1995

Bruce Whatley

2001

Thomas Locker

2002

Pearl
Sydenstricker
Buck

1986

Dorothy H.
Patent

2000

CA NGSS: PS3.B: Conservation of
Energy and Energy Transfer.

COPYRIGHT

Text type: Informational.
Energy Island

Grade span: 3–5.
CA NGSS: PS3.B: Conservation
of Energy and Energy Transfer;
ETS.2: Influence of Engineering,
Technology, and Science on
Society and the Natural World.
Text type: Informational.

Switch On, Switch Off

Grade span: 3–5.
CA NGSS: PS2.B: Types of
Interactions.
Text type: Informational.

What Magnets Can Do

Grade span: 3–5.
CA NGSS: PS1.A Structure and
properties of materials.
Text type: Informational.

The Magnetic Dog

Grade span: 3–5.
CA NGSS: PS1.A Structure and
properties of materials
Text type: Literary.

Water Dance

Grade span: 3–5.
CA NGSS: ESS2.C: Roles of water
in Earth’s surface processes.
Text type: Literary.

The Big Wave

Grade span: 6–8.
CA NGSS: ESS3.A: Natural
hazards.
Text type: Literary.

The Bald Eagle
Returns

Grade span: 6–8.
CA NGSS: LS2.C: Ecosystem
dynamics, functioning, and
resilience.
Text type: Informational.
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TITLE

ANNOTATION

AUTHOR

COPYRIGHT

Rocket Boys

Grade span: 6–8.

Homer Hickam

2000

Carl Hiaasen

2010

Carl Hiaasen

2012

Gary Paulsen

2006

Jean
Craighead
George

2004

Jean
Craighead
George

2003

Scott O'Dell

2010

Theodore
Taylor

2006

CA NGSS: PS1: PS2.A:
Forces and Motion; ETS1:
Interdependence of Science,
Engineering, and Technology.
Text type: Informational.
Flush

Grade span: 6–8.
CA NGSS: ESS3.C: Human
impacts on Earth systems.
Text type: Literary.

Scat

Grade span: 6–8.
CA NGSS: ESS3.C: Human
impacts on Earth systems.
Text type: Literary.

Hatchet

Grade span: 6–8.
CA NGSS: ESS3.A Natural
resources.
Text type: Literary.

My Side of the
Mountain

Grade span: 6–8.
CA NGSS: ESS3.C: Human
impacts on Earth systems.
Text type: Literary.

Julie of the Wolves

Grade span: 6–8.
CA NGSS: ESS3.C: Human
impacts on Earth systems.
Text type: Literary.

Island of the Blue
Dolphins

Grade span: 6–8.
CA NGSS: LS2.A: Interdependent
relationships in ecosystems;
LS2.C: Ecosystem dynamics,
functioning, and resilience.
Text type: Literary.

The Weirdo

Grade span: 6–8.
CA NGSS: ESS3.C: Human
impacts on Earth systems.
Text type: Literary.
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TITLE

ANNOTATION

AUTHOR

Fever 1793

Grade span: 6–8.

Laurie Halse
Anderson

2002

Tor Seidler

1998

Douglas
Henderson

2000

Sam Kean

2010

Hugh
AnderseyWilliams

2012

Steven
Weinberg

2015

CA NGSS: LS1.A: Structure and
function.

COPYRIGHT

Text type: Literary.
The Silent Spillbills

Grade span: 6–8.
CA NGSS: ETS2:
Interdependence of Science,
Engineering, and Technology.
Text type: Literary.

Asteroid Impact

Grade span: 6–8.
CA NGSS: ESS1.B: Earth and the
solar system.
Text type: Informational.

The Disappearing
Spoon: And Other
True Tales of Madness,
Love, and the History
of the World from the
Periodic Table of the
Elements

Grade span: High School,
Chemistry

Periodic Tales: A
Cultural History of the
Elements, from Arsenic
to Zinc

Grade span: High School,
Chemistry

CA NGSS: PS1.A: structure
of matter; PS2.B: Chemical
reactions.
Text type: Literary.

CA NGSS: PS1.A: structure
of matter; PS2.B: Chemical
reactions.
Text type: Literary.

To Explain the World:
The Discovery of
Modern Science

Grade span: High School,
Chemistry and Physics.
CA NGSS: PS2.B: types
of interactions; ETS2:
Interdependence of Science,
Engineering, and Technology;
Nature of Science
Text type: Literary.
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TITLE

ANNOTATION

AUTHOR

COPYRIGHT

A Universe From
Nothing: Why There
is Something Rather
Than Nothing

Grade span: High School,
Chemistry and Physics.

Lawrence M.
Krauss

2010

Sam Kean

2012

David
Quammen

1998

Hatty M.
Caudill and
James K.
Caudill

2001

Iain McCalman

2010

Rachel Carson

1962

CA NGSS: PS1.A: structure
of matter; PS2.B: types of
interactions.
Text type: Informational.

The Violinist's Thumb:
And Other Lost Tales
of Love, War, and
Genius, as Written by
Our Genetic Code

Grade span: High School, Life
Science

The Flight of the
Iguana

Grade span: High School, Life
Science

CA NGSS: LS3.A: Inheritance of
traits; LS3.B: variation of traits.
Text type: Literary.

CA NGSS: LS2.A: interdependent
relationships in ecosystems;
LS4.C: Adaptation; LS4.D:
Biodiversity and humans.
Text type: Literary.
Night Comes the
Cumberlands: A
Biography of a
Depressed Area

Grade span: High School, Life
Science
CA NGSS: ESS3.A Natural
resources; ESS3.C: Human
impacts on Earth systems; ETS2:
Interdependence of Science,
Engineering, and Technology
Text type: Literary.

Darwin’s Armada: Four
Voyages and the Battle
for the Theory of
Evolution

Grade span: High School, Life
Science
CA NGSS: LS4.A: Evidence of
common ancestry and diversity;
Nature of Science.
Text type: Literary.

The Silent Spring

Grade span: High School, Life
Science
CA NGSS: LS4.D Biodiversity
and humans; ESS3.C: Human
impacts on Earth systems.
Text type: Literary.
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TITLE

ANNOTATION

AUTHOR

COPYRIGHT

Invention by Design:
How Engineers Get
From Thought to Thing

Grade span: High School,
Engineering

Henry Pertoski

1996

John McPhee

1993

CA NGSS: ETS2:
Interdependence of Science,
Engineering, and Technology
Text type: Informational.

Assembling California

Grade span: High School, Earth
Science
CA NGSS: ESS1.C: History of
planet Earth.
Text type: Informational,
narrative.

Table App 5.2. Recommended Literature from the California Education and the
Environment Initiative for Grades K–12

(Note: copyright year is 2010 for all the texts).
TITLE

DISCIPLINARY CORE IDEA (DCI) STRAND

The World Around Me

Grade level: Kindergarten.
CA NGSS: LS1.C: Organization of matter and energy flow in
organisms.
Text type: Informational.

A Day in My Life

Grade level: Kindergarten.
CA NGSS: ESS2.E: Biogeology; ESS3.A: Natural resources;
ESS3.C: Human impacts on Earth systems.
Text type: Informational.

Beavers and Where They
Live

Grade level: First Grade
CA NGSS: LS1.A: Structure and function.
Text type: Informational.

An Interesting Little Bird

Grade level: First Grade
CA NGSS: ETS1: Engineering design.
Text type: Informational.

Life on California’s Channel
Islands

Grade level: First Grade
LS1.A: Structure and function; ETS1: Engineering design.
Text type: Informational.
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TITLE

DISCIPLINARY CORE IDEA (DCI) STRAND

The Tall Pine and the Big
Eagle

Grade level: First Grade
CA NGSS: LS2.A: Interdependent relationships in ecosystems.
Text type: Informational.

Adapted to Woodlands

Grade level: Second Grade
CA NGSS: LS2.A: Interdependent relationships in ecosystems;
LS4.D: Biodiversity and humans.
Text type: Informational.

Mother Orange Tree

Grade level: Second Grade
CA NGSS: LS2.A: Interdependent relationships in ecosystems.
Text type: Informational.

Sarah’s Spring

Grade level: Second Grade
CA NGSS: ETS1: Engineering design.
Text type: Informational.

Roots and Trunks, Beaks
and Claws

Grade level: Third Grade
CA NGSS: LS3.A: Inheritance of traits; LS3.B: Variation of traits.
Text type: Informational.

Sweetwater Marsh National
Wildlife Refuge

Grade level: Third Grade
CA NGSS: LS2.C: Ecosystem dynamics, functioning, and
resilience; LS4.C: Adaptation; LS4.D: Biodiversity and humans;
ETS1: Engineering design.
Text type: Informational.

California’s Natural Regions

Grade level: Third Grade
LS3.A: Inheritance of traits; LS3.B: Variation of traits.
Text type: Informational.

California’s Green Gold

Grade level: Fourth Grade
CA NGSS: LS1.A: Structure and function.
Text type: Informational.

The Mysterious Humboldt
Squid

Grade level: Fifth Grade
CA NGSS: LS2.A: Interdependent relationships in ecosystems;
LS2.B: Cycles of matter and energy transfer in ecosystems.
Text type: Informational.
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TITLE

DISCIPLINARY CORE IDEA (DCI) STRAND

Wonderful Compost

Grade level: Fifth Grade
CA NGSS: LS2.A: Interdependent relationships in ecosystems;
LS2.B: Cycles of matter and energy transfer in ecosystems.
Text type: Informational.

San Francisco Sourdough

Grade level: Fifth Grade
CA NGSS: LS2.A: Interdependent relationships in ecosystems;
LS2.B: Cycles of matter and energy transfer in ecosystems.
Text type: Informational.

Water to Grow a City

Grade span: Fifth Grade and 6–8
CA NGSS: ESS2.A: Earth’s materials and systems; ESS2.C: The
roles of water in Earth’s surface processes; ESS3.A: Natural
resources; ESS3.C: Human impacts on Earth systems;
ETS1: Engineering design.
Text type: Informational.

Salt Farming on San
Francisco Bay

Grade span: Fifth Grade and 6–8
CA NGSS: ESS2.A: Earth’s materials and systems; ESS2.C: The
roles of water in Earth’s surface processes; ESS3.C: Human
impacts on Earth systems.
Text type: Informational.

The Sierra Snowpack

Grade span: Fifth Grade and 6–8
CA NGSS: ESS2.A: Earth’s materials and systems; ESS2.C: The
roles of water in Earth’s surface processes; ESS3.A: Natural
resources; ESS3.C: Human impacts on Earth systems;
ETS1: Engineering design.
Text type: Informational.

California Drought

Grade span: Fifth Grade and 6–8
CA NGSS: ESS2.A: Earth’s materials and systems; ESS2.C: The
roles of water in Earth’s surface processes; ESS3.C: Human
impacts on Earth systems.
Text type: Informational.

The Sacramento–San
Joaquin River Delta

Grade span: Fifth Grade and 6–8
CA NGSS: ESS2.A: Earth’s materials and systems; ESS2.C: The
roles of water in Earth’s surface processes; ESS3.C: Human
impacts on Earth systems.
Text type: Informational.

2016 California Science Framework

Appendix 5

1773

Recommended Literature for Science Classrooms

TITLE

DISCIPLINARY CORE IDEA (DCI) STRAND

Where are the Wolverines?

Grade span: 6–8
CA NGSS: LS4.C: Adaptation; ESS3.C: Human impacts on Earth
systems.
Text type: Informational.

A Pig’s Tale

Grade span: 6–8
CA NGSS: LS4.C: Adaptation; ESS3.C: Human impacts on Earth
systems.
Text type: Informational.

Powered by Electricity

Grade span: 6–8
CA NGSS: PS3.B: Conservation of energy and energy transfer;
ESS3.C: Human impacts on Earth systems; ETS1: Engineering
design.
Text type: Informational.

As Good As Gold

Grade span: 6–8
CA NGSS: MS-ESS3.C
Text type: Informational.

A Surfboard Story

Grade span: 6–8
CA NGSS: PS1.B: Chemical reactions; ESS3.A: Natural resources.
Text type: Informational.

Pupfish

Grade span: 6–8
CA NGSS: LS4.C: Adaptation; ESS3.C: Human impacts on Earth
systems.
Text type: Informational.

The Coyote Success Story

Grade span: 6–8
CA NGSS: LS4.C: Adaptation; ESS3.C: Human impacts on Earth
systems.
Text type: Informational.

Puzzle in the “Tar” Pits
Pieces of a Puzzle

Grade span: 6–8
CA NGSS: ESS3.C: Human impacts on Earth systems.
Text type: Informational.

Rice Pharming in California

Grade span: High School, Life Science
CA NGSS: LS2.C: Ecosystem dynamics, functioning, and
resilience; LS4.D: Biodiversity and humans; LS3.B: Variation of
traits; LS4.D: Biodiversity and humans.
Text type: Informational.
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TITLE

DISCIPLINARY CORE IDEA (DCI) STRAND

Biological Riches and
Rarities

Grade span: High School, Life Science
CA NGSS: LS2.B: Cycles of matter and energy transfer in
ecosystems; LS4.D: Biodiversity and humans.
Text type: Informational.

The Transformation of Our
Native Grasslands

Grade span: High School, Life Science
CA NGSS: LS2.C: Ecosystem dynamics, functioning, and
resilience; LS4.D: Biodiversity and humans.
Text type: Informational.

A Second Chance for Sea
Otters

Grade span: High School, Life Science
CA NGSS: LS2.C: Ecosystem dynamics, functioning, and
resilience; LS4.D: Biodiversity and humans.
Text type: Informational.

Coastal Wetlands,
Treasures of Diversity

Grade span: High School, Life Science
CA NGSS: LS2.B: Cycles of matter and energy transfer in
ecosystems; LS4.D: Biodiversity and humans.
Text type: Informational.

The Channel Islands—The
Galapagos of California

Grade span: High School, Life Science
LS2.B: Cycles of matter and energy transfer in ecosystems;
LS4.B: Natural selection; LS4.C: Adaptation; LS4.D: Biodiversity
and humans.
Text type: Informational.

Climate Change in the
Golden State

Grade span: High School, Earth Science
CA NGSS: ESS2.D: Weather and climate; ESS3.C: Human
impacts on Earth systems; ESS3.D: Global climate change.
Text type: Informational.

Packed Like a Can of
Sardines

Grade span: High School, Earth Science
CA NGSS: ESS3.A: Natural resources.
Text type: Informational.

The California Desert
Protection Act—A National
Success

Grade span: High School, Earth Science

The Promise of Biofuels:
Hype or a Real Solution?

Grade span: High School, Earth Science

CA NGSS: ESS2.E: Biogeology.
Text type: Informational.
CA NGSS: ETS1: Engineering design; ETS2: Interdependence of
Science, Engineering, and Technology.
Text type: Informational.
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TITLE

DISCIPLINARY CORE IDEA (DCI) STRAND

Don’t Forget Your
Sunscreen!

Grade span: High School, Earth Science
CA NGSS: ESS2.D: Global climate change.
Text type: Informational.

Taking Charge of the BayDelta

Grade span: High School, Earth Science
CA NGSS: ESS2.C: The roles of water in Earth’s surface
processes.
ETS1: Engineering design; ETS2: Interdependence of Science,
Engineering, and Technology
Text type: Informational.

Table App 5.3. Resources About Famous Scientists’ Personal and Intellectual Struggles to
Support Student Motivation
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TITLE

AUTHOR

Ada Byron Lovelace and the Thinking Machine

Laurie Wallmark and
April Chu

2015

Rachel Carson and Her Book That Changed
the World

Laurie Lawler and
Laura Beingessner

2014

On a Beam of Light

Jennifer Berne and
Vladimir Radunsky

2013

Snowflake Bentley

Jacqueline Briggs Martin
and Mary Azarian

2009

The Tree Lady: The True Story of How One
Tree-Loving Woman Changed a City Forever

H. Joseph Hopkins and
Jill McElmurry

2013

Summer Birds: The Butterflies of Maria Merian

Margarita Engle and
Julie Paschkis

2010

Life in the Ocean: The Story of
Oceanographer Sylvia Earle

Claire A. Nivola

2012

My Brief History

Stephen Hawking

2013

Feynman (Richard Feynman, physicist)

Jim Ottaviani and
Leland Myrick

2013

Primates: The Fearless Science of Jane
Goodall, Dian Fossey, and Biruté Galdikas

Jim Ottaviani and
Maris Wicks

2015

Breakthrough! How Three People Saved
“Blue Babies” and Changed Medicine Forever

Jim Murphy

2015
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TITLE

AUTHOR

What Color is My World? The Lost History of
African-American Inventors

Kareem Abdul-Jabbar
and Raymond Obstfeld

2013

Headstrong: 52 Women Who Changed
Science—and the World

Rachel Swaby

2015

Brilliant Blunders: From Darwin to Einstein—
Colossal Mistakes by Great Scientists That
Changed Our Understanding of Life and the
Universe

Mario Livio

2014

Even Einstein Struggled: Effects of Learning
About Great Scientists’ Struggles on High
School Students’ Motivation to Learn Science

Xiaodong Lin-Siegler
(Et. Al)
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Glossary of Acronyms
3D

Three-dimensional learning of NGSS (SEPs, DCIs, and CCCs)

A

Algebra (CA CCSSM Connection)

AAAS

American Association for the Advancement of Science

AYP

Annual Yearly Progress

BF

Building Functions (CA CCSSM Connection)

CC

Counting and Cardinality (CA CCSSM Connection)

CCC

Crosscutting Concept

CCR

College and Career Ready

CA CCSS for
ELA/Literacy

California Common Core State Standards for English Language Arts and
Literacy in History/Social Studies, Science, and Technical Subjects

CA CCSSM

California Common Core State Standards for Mathematics

CDE

California Department Education

CED

Creating Equations (CA CCSSM Connection)

CFCC

Curriculum Framework and Evaluation Criteria Committee

CR

Chemical Reactions (Topic Name)

CSP

California Science Project

CSTA

California Science Teachers Association

DCI

Disciplinary Core Idea

DOK

Depth of Knowledge

E

Energy (Topic Name)

ED

Engineering Design (Topic Name)

EE

Expressions & Equations (CA CCSSM Connection)

EEI

California Education and the Environment Initiative

ELA

English Language Arts

EL

English Language Learner

ELD

English Language Development

ELO

Expanded Learning Opportunities
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EP&Cs

California Environmental Principles and Concepts

ES

Earth’s Systems (Topic Name)

ESEA

Elementary and Secondary Education Act

ESS

Earth and Space Science

ETS

Engineering, Technology, and Applications of Science

F

Functions (CA CCSSM Connection)

FB

Foundation Box

FI

Forces and Interactions (Topic Name)

G

Geometry (CA CCSSM Connection)

GBE

Grade Band Endpoint

GDRO

Growth, Development, and Reproduction of Organisms (Topic Name)

HI

Human Impacts (Topic Name)

HS

High School

IC

Making Inferences and Justifying Conclusions (CA CCSSM Connection)

ID

Interpreting Categorical and Quantitative Data in the CCSSM
(CA CCSSM Connection)

IDEA

Individuals with Disabilities Education Act

IEP

Individualized Education Program

IF

Interpreting Functions (CA CCSSM Connection)

IRE

Interdependent Relationships in Ecosystems (Topic Name)

IS

Instructional Segment

IVT

Inheritance and Variation of Traits (Topic Name)

K

Kindergarten

LEP

Limited English Proficiency

LS

Life Science

MD

Measurement and Data (CA CCSSM Connection)

MEOE

Matter and Energy in Organisms and Ecosystems (Topic Name)

MS

Middle School
Glossary Part 1
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N-Q

Number and Quantity (CA CCSSM Connection)

NAE

National Academy of Engineering

NAEP

National Assessment of Educational Progress

NAGC

National Association for Gifted Children

NBT

Number and Operations in Base Ten (CA CCSSM Connection)

NCLB

No Child Left Behind Act

NF

Number and Operations—Fractions (CA CCSSM Connection)

NGSS

Next Generation Science Standards

NOS

Nature of Science

NRC

National Research Council

NS

The Number System (CA CCSSM Connection)

NSA

Natural Selection and Adaptations (Topic Name)

NSE

Natural Selection and Evolution (Topic Name)

NSF

National Science Foundation

NSTA

National Science Teachers Association

OA

Operations and Algebraic Thinking (CA CCSSM Connection)

PE

Performance Expectation

PISA

Program for International Student Assessment

PS

Physical Sciences

Q

Quantities (CA CCSSM Connection)

R&D

Research and Development

RI

Reading Informational Text (CA CCSS for ELA/Literacy Connection)

RL

Reading Literature (CA CCSS for ELA/Literacy Connection)

RP

Ratios and Proportional Relationships (CA CCSSM Connection)

RST

Reading in Science and Technical Subjects (CA CCSS for ELA/Literacy Connection)

SEP

Science and Engineering Practices

SEP

Science Expert Panel

SF

Structure and Function (Topic Name)

SFIP

Structure, Function, and Information Processing (Topic Name)
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SL

Speaking and Listening (CA CCCSS for ELA/Literacy Connection)

SP

Statistics and Probability (CA CCSSM Connection)

SPM

Structures and Properties of Matter (Topic Name)

SS

Space Systems (Topic Name)

SSE

Seeing Structure in Expressions (CA CCSSM Connection)

STEM

Science, Technology, Engineering, and Mathematics

STS

Science, Technology, and Society

TEL

Technology and Engineering Literacy Assessment

TIMSS

Trends in International Mathematics and Science Study

TK

Transitional Kindergarten

W

Waves (Topic Name)

W

Writing (CA CCCSS for ELA/Literacy Connection)

WC

Weather and Climate (Topic Name)

WER

Waves and Electromagnetic Radiation (Topic Name)

WHST

Writing in History/Social Studies, Science, and Technical Subjects
(CA CCSS Connection)

NGSS Lead States. 2013. Next Generation Science Standards: For States, By States, Volume 2: Appendixes.
Washington, DC: The National Academies Press.
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Common Next Generation
Science Standards Acronyms

The Three Dimensions of the
Next Generation Science Standards

Crosscutting Concept

CCSS:

Common Core State Standards

DCI:

Disciplinary Core Idea

FB:

Foundation Box

PE:

Performance Expectation

SEP:

Science and Engineering Practices
C

CCSS Connection
Counting and Cardinality

EE:

Expressions and Equations

F:

Functions

G:

Geometry

MD:

Measurement & Data

NBT:

Number and Operations in Base Ten

NF:

Number and Operations— Fractions

NS:

The Number System

OA:

Operations and Algebraic Thinking

RI:

Reading Informational Text

•

RL:

Reading Literature

•

RP:

Ratios and Proportional Relationships

•

RST:

Reading in Science and Technical
Subjects

•

•

•

SL:

Speaking & Listening

SP:

Statistics & Probability

•

W:

Writing

•

WHST: Writing in History/Social Studies,
Science, and Technical Subjects

cu
ro ss

nt

en

tti n

t

g

Dimension 1: Science and
Engineering Practices
The science and engineering practices describe
behaviors that scientists engage in as they
investigate phenomena and build models and
theories about the natural world and the key set
of engineering practices that engineers use as
they design and build models and systems.

CC:

Asking questions (science) and defining
problems (engineering)
Developing and using models
Planning and carrying out investigations
Analyzing and interpreting data
Using mathematics and computational thinking
Constructing explanations (science) and
designing solutions (engineering)
Engaging in argument from evidence
Obtaining, evaluating, and communicating
information.

Dimension 2: Crosscutting Concepts
Crosscutting concepts are themes that apply
across all domains of science. As such, they are
a way of linking the different domains of science.
•
•
•
•
•

Developed by the California Science Project
based on the NRC Framework for K-12 Science
Education and supporting documents from the
CA NGSS. Download a copy at: http://www.cde.
ca.gov/ci/sc/cf/GLS2.asp#link1

2016 California Science Framework

Co

P ra c t i c e s

CCC:

•
•

Patterns
Cause and effect
Scale, proportion and quantity
Systems and system models
Energy and matter
Structure and function
Stability and change
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Dimension 3: Disciplinary Core Ideas

Life Science

Physical Science

LS1: From Molecules to Organisms: Structures
and Processes

PS1: Matter and Its Interactions

LS1.A: Structure and Function

PS1.A: Structure and Properties of Matter

LS1.B: Growth and Development of Organisms

PS1.B: Chemical Reactions
PS1.C: Nuclear Processes
PS2: Motion and Stability: Forces and Interactions
PS2.A: Forces and Motion
PS2.B: Types of Interactions
PS2.C: Stability and Instability in Physical Systems
PS3: Energy

LS1.D: Information Processing
LS2: Ecosystems: Interactions, Energy,
and Dynamics
LS2.A: Interdependent Relationships
in Ecosystems
LS2.B: Cycles of Matter and Energy Transfer
in Ecosystems

PS3.A: Definitions of Energy
PS3.B: Conservation of Energy and Energy
Transfer
PS3.C: Relationship Between Energy and Forces
PS3.D: Energy in Chemical Processes and
Everyday Life

LS2.C: Ecosystem Dynamics, Functioning,
and Resilience
LS2.D: Social Interactions and Group Behavior
LS3: Heredity: Inheritance and Variation of Traits

PS4: Waves and Their Applications in
Technologies for Information Transfer

LS3.A: Inheritance of Traits

PS4.A: Wave Properties

LS4: Biological Evolution: Unity and Diversity

PS4.B: Electromagnetic Radiation

LS4.A: Evidence of Common Ancestry
and Diversity

LS3.B: Variation of Traits

PS4.C: Information Technologies and
Instrumentation

LS4.B: Natural Selection
LS4.C: Adaptation

Earth & Space Science

LS4.D: Biodiversity and Humans

ESS1: Earth’s Place in the Universe
ESS1.A: The Universe and Its Stars
ESS1.B: Earth and the Solar System

Engineering, Technology, and
Application of Science

ESS1.C: The History of Planet Earth

ETS1: Engineering Design

ESS2: Earth’s Systems

ETS1.A: Defining and Delimiting an
Engineering Problem

ESS2.A: Earth Materials and Systems
ESS2.B: Plate Tectonics and Large-Scale System
Interactions
ESS2.C: The Roles of Water in Earth’s Surface
Processes
ESS2.D: Weather and Climate
ESS2.E: Biogeology
ESS3: Earth and Human Activity
ESS3.A: Natural Resources
ESS3.B: Natural Hazards
ESS3.C: Human Impacts on Earth Systems
ESS3.D: Global Climate Change
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LS1.C: Organization for Matter and Energy Flow
in Organisms

ETS1.B: Developing Possible Solutions
ETS1.C: Optimizing the Design Solution

NGSS Websites
NGSS Official Site:
http://www.cde.ca.gov/ci/sc/cf/GLS2.asp#link2
California NGSS:
http://www.cde.ca.gov/ci/sc/cf/GLS2.asp#link3
CSTA NGSS:
http://www.cde.ca.gov/ci/sc/cf/GLS2.asp#link4
NSTA NGSS:
http://www.cde.ca.gov/ci/sc/cf/GLS2.asp#link5
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Commonalities Among the Practices in Science, Mathematics, and English

Math
SP2. Develop
and use models

MP1. Make sense of
problems and persevere in
solving them
MP2. Reason abstractly and
quantitatively

MP8. Look for and
express regularity
in repeated
reasoning

MP4. Model with
mathematics

SP1. Ask questions and
define problems

SP5. Use mathematics and
computational thinking

MP6. Attend to precision
MP7. Look for and make use
of structure

Science
SP3. Plan and carry out
investigations

EP1. Support analysis of a range
of grade-level complex texts with
evidence

SP4. Analyze and interpret
data
SP6. Construct explanations
and design solutions

SP8.
MP3 and EP3. Construct viable
Obtain,
and valid arguments from
evaluate,
EP7. Use
evidence and critique reasoning and communitechnology
of others
cate information
and digital
SP7. Engage in argument EP2. Produce clear
media strategifrom evidence
and coherent writing
cally and capably
in which the developMP5. Use appropriate
ment, organization, and
tools strategically
style are appropriate to task,
purpose, and audience

EP4. Build and present knowledge through research by integrating,
comparing, and synthesizing ideas from text
EP5. Build upon the ideas of others and articulate their
own clearly when working collaboratively
EP6. Use English structures to communicate
context specific messages

ELA
Based on work by Tina Chuek
ell.stanford.edu

Conceptual Shifts in the CA NGSS
1. K–12 science education should reflect the
interconnected Nature of Science as it is
practiced and experienced in the real world.
2. The CA NGSS are student performance
expectations—NOT curriculum.

•
•
•

3. The science concepts in CA NGSS build
coherently from K–12.

•

4. The CA NGSS focus on deeper understanding
of content as well as application of content.

•

5. Science and engineering are integrated in the
CA NGSS from K–12.
6. The CA NGSS are designed to prepare
students for college, career, and citizenship.

•
•
•

Scientific investigations use a variety of
methods.
Scientific knowledge is based on empirical
evidence.
Scientific knowledge is open to revision in light
of new evidence.
Scientific models, laws, mechanisms, and
theories explain natural phenomena.
Science is a way of knowing.
Scientific knowledge assumes an order and
consistency in natural systems.
Science is a human endeavor.
Science addresses questions about the natural
and material world.

7. The CA NGSS and Common Core State
Standards are aligned.
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Science
California Academy of Sciences (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link1)

The California Academy of Sciences Web site provides information, tutorials, and virtual
learning modules. The Educator Center offers classroom resources broken down by grade
level and content area.
California Department of Education (CDE) Next Generation Science Standards Systems
Implementation Plan (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link2)

The Next Generation Science Standards (NGSS) Systems Implementation Plan, approved
in December 2014, is a guide of possible strategies that can be interwoven to assist in the
development of regional and local implementation plans to support updating curriculum and
resources to support aligned to the Next Generation Science Standards for California Public
Schools, Grades Kindergarten Through Grade Twelve (CA NGSS). In addition to the goals
and strategies, the Plan includes Appendix A which is a list of resources that may be useful
to support teachers, administrators, support provides, and other partners as they implement
the NGSS.
CDE Science (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link3)

This Web page is an index to current Science curriculum frameworks and content standards,
instructional materials and resources, and a collection of recommended literature for students
in kindergarten through grade twelve.
CDE Science Safety Handbook (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link4)

This handbook includes information to help make kindergarten through grade twelve science
environments safe.
California Science Center (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link5)

The California Science Center provides professional learning sessions designed to support
the awareness, transition, and implementation of the NGSS into existing curriculum, including sessions on assessment, curriculum support and planning, resources, and strategies
to integrate into other content areas. The center includes an innovative model for science
learning by combining interactive exhibits with an on-site Science Center School and Amgen
Center for Science Learning.
National Science Digital Library (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link6)

The National Science Digital Library provides online educational resources for teaching and
learning, with emphasis on STEM disciplines. The NSDL collection includes metadata about
web-based educational resources held on other sites by their providers.
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California Science Project (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link7)

The California Science Project is a statewide network that provides professional development,
resources, and research to support quality science education.
California Science Teachers Association (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link8)

The California Science Teachers Association (CSTA) promotes high quality science education.
Their Web site provides information on resources for both teachers and parents, as well as
professional development opportunities.
Exploratorium (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link9)

The Exploratorium is a public learning laboratory in San Francisco. Its Web site offers a
variety of science-teaching tools, including a digital library, podcasts, videos, online exhibits,
and free apps and activities.
K–12 Alliance (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link10)

The K–12 Alliance is a WestEd program that provides professional development for K–12
educators in the areas of science and math.
KQED QUEST (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link11)

This Web site features science and engineering resources for educators and students broken
down by topic and content area. It also features spotlights on people working in Science,
Technology, Engineering, and Mathematics (STEM) careers.
Lawrence Hall of Science (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link12)

The Lawrence Hall of Science Web site offers curriculum and professional development to
support teachers with NGSS implementation, as well as science apps and activities.
Library of Congress for Science, Technology, and Business

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link13)
This Web site offers a collection content available online at the Library of Congress,
arranged by broad categories. The Library’s online content represents only a small
percentage of its physical holdings.
National Geographic News (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link14)

The National Geographic News Web site provides a variety of articles on different science
related topics.
National Science Foundation News (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link15)

This site provides articles covering new discoveries in various fields of science.
National Science Teachers Association (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link16)

The National Science Teachers Association (NSTA) promotes excellence and innovation in
science teaching and learning. They offer a range of online resources and publications for
teachers of all grade levels.
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Next Generation Science Standards (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link17)

The NGSS are K–12 science content standards. The NGSS were developed by states to improve
science education for all students. The NGSS are based on the National Research Council’s
A Framework for K–12 Science Education: Practices, Crosscutting Concepts, and Core Ideas.
This site includes links to the NGSS standards (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link18),
the three dimensions of science learning (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link19), and
tools and resources to support implementation (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link20).
The tools include NGSS Evidence Statements which provide educators with additional detail on
what students should know and be able to do (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link21).
PubMed (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link22)

PubMed is a free search engine of references and abstracts on life sciences and biomedical
topics.
Sally Ride Science (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link23)

Sally Ride Science is a nonprofit providing professional development to help educators build
students’ STEM literacy.
Science Daily (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link24)

Science Daily is an American news Web site for topical science articles.
SciGirls (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link25)

SciGirls is a PBS Kids show that encourages tween girls’ interest in STEM. Its Web site
includes videos, games, and a searchable database of “citizen science” projects.
Students Science (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link26)

Students Science offers news and feature stories covering all field of science, technology,
engineering, and math.
Teaching Channel (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link27)

The Teaching Channel is a video showcase of inspiring and effective teaching practices in
schools to improve the outcomes of all students. The video library offers educators a wide
range of subjects for grades K–12 and includes information on alignment with the Common
Core State Standards (CCSS), NGSS, and ancillary materials for teachers to use in their own
classrooms.

Science – Environmental
CDE A Blueprint for Environmental Literacy (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link28)

A Blueprint for Environmental Literacy is a plan to improve environmental education
produced by the California State Superintendent of Public Instruction Tom Torlakson’s
Statewide Environmental Literacy Task Force.
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California Coastal Commission (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link29)

The California Coastal Commission is one of California’s designated coastal management
agencies. Its Web site offers resources for educators, including classroom activities and a
lending library.
CalRecycle Education and the Environment Initiative

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link30)
The California Education and the Environment Initiative (EEI) is a free environment-based
curriculum for grades K–12. It supports the Next Generation Science Standards and also
teaches select History-Social Science standards.
California State Parks (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link31)

This is a link to a monthly e-newsletter about upcoming projects at local parks and literature
about California State Parks.
CEEIN (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link32)

The California Environmental Education Interagency Network (CEEIN) is a state government
consortium of environmental educators representing departments, boards, and commissions
of the CDE, California Environmental Protection Agency (Cal/EPA), The Resources Agency of
California (RA), and the Department of Food and Agriculture (CDFA). CEEIN fosters broad
understanding of the State’s environmental and cultural resources while affirming that
education is essential to the development of understanding and respect for the environment.
CREEC Network (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link33)

The California Regional Environmental Education Community (CREEC) is a communication
network that supports environmental literacy by providing teachers with access to
environmental education resources. Its Web site features a searchable database of
standards-based programs, online resources, and professional development opportunities.
Project WET (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link34)

Project WET develops and delivers water education resources, including curriculum and
activity guides.
Ten Strands (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link35)

Ten Strands partners with state government, local education agencies, and providers of
environmental education to bring environmental literacy to California’s K–12 students
through access to instructional materials, professional development opportunities, and
outdoor education resources.

English Learners
CDE English Language Development Standards

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link36)
This Web page links to the California English Language Development (CA ELD) Standards
adopted in November 2012 and the standards implementation plan and resources.
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CDE English Learners (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link37)

This Web page provides a set of links to programs and information to improve the language
proficiency of English learners and help them meet content standards adopted by the State
Board of Education.
CDE Integrating the CA ELD Standards into K–12 Mathematics and Science Teaching and

Learning (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link38)

This document is a supplementary resource to augment the California English Language
Development (CA ELD) Standards and assist educators in implementing the CA ELD
Standards in tandem with the California Common Core State Standards for Mathematics (CA
CCSSM) and the CA NGSS.
Colorín Colorado (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link39)

A free Web-based service that provides information, activities, and advice for educators and
Spanish-speaking families of English language learners.
Council of Chief State School Officers (CCSSO) – State Collaboratives on Assessment and
Student Standards (SCASS) – ELLs (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link40)

The English language learner (ELL) SCASS constitutes the only national, sustained forum
among state education agencies, researchers, and policy experts on issues of standards
and assessment for English language learners. The ELL SCASS explores issues of policy
implementation, particularly focusing on the connection of the standards and assessment
system to state policies that affect instruction, curriculum, professional supports and
leadership for ELLs. The ELL SCASS Web page is updated regularly with information about
the organization’s various foci and activities.
Understanding Language (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link41)

An initiative aimed to heighten educator awareness of the critical role that language plays
in the CCSS and the NGSS that seeks to improve academic outcomes for English language
learners (ELLs) by drawing attention to critical aspects of instructional practice and by
advocating for necessary policy supports at the state and local levels. The initiative team,
housed at Stanford University, has developed and presented papers, Massive Open Online
Courses (MOOCS), and webinars addressing language and literacy issues, and sets of
teaching resources that exemplify high-quality instruction for ELLs.

Literacy in Content Areas
Academic Language and Literacy (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link42)

This site is focused on helping educators accelerate and deepen students’ learning of
academic language, literacy, and content understandings in all classrooms. The site provides
information and tools to help teachers, schools, and parents to build language, literacy,
thinking, and content in all students.
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AchievetheCore.Org (Student Achievement Partners)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link43)
The achievethecore.org site provides free, high-quality resources compiled by Student
Achievement Partners (writers of the CCSS) for educators implementing the CCSS, including
professional learning modules, handouts, presentations, sample lessons, and lesson videos
on the foundations of English language arts and literacy across subjects.
CDE Common Core State Standards Resources

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link44)
This Web page offers information, links, and FAQs related to the California Common Core
State Standards in English Language Arts and Literacy in History/Social Studies, Science,
and Technical Subjects and Mathematics. In addition, all County Offices of Education have
resources on their Web sites to support the implementation of the standards.
The California Subject Matter Projects (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link45)

The California Subject Matter Projects (CSMP) professional development programs support
teachers’ use of standards and literacy strategies to foster achievement among all students,
especially English learners and students with low literacy and content area knowledge.
CSMP programs provide research-based, classroom-tested, and discipline-specific strategies
to support student literacy.
Common Core en Español (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link46)

As part of the State Standards Initiative Translation Project, the Spanish version of the CCSS
are housed at the San Diego County Office of Education.
Google Scholar (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link47)

This Web page provides a simple way to broadly search for scholarly literature.
Newsela (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link48)

This Web site Newsela publishes high-interest news articles daily at five levels of complexity
for grades 2–12 using Newsela’s proprietary, rapid text-leveling process.

Access and Equity
Children Now (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link49)

Children Now is an umbrella organization which advocates for children in the areas of
education, health, and overall well-being.
CDE Special Education (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link50)

A Web page with links to information and resources to serve the unique needs of persons
with disabilities so that each person will meet or exceed high standards of achievement in
academic and nonacademic skills.
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Culturally Responsive Teaching (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link51)

The Education Alliance, a department at Brown University, promotes educational change
to provide all students equitable opportunities to succeed. They advocate for populations
whose access to excellent education has been limited or denied and partner with schools,
districts, and state departments of education to apply research findings in developing
solutions to educational challenges. They focus on district and school improvement, with
special attention to underperformance and issues of equity and diversity, and design and
deliver expert services around planning, professional learning, and research and evaluation.
Multi-Tiered System of Supports (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link52)

A Multi-Tiered System of Supports (MTSS) describes how schools go about providing supports
for each child to be successful and the processes and tools teachers use to make decisions.
When compared to RtI, MTSS addresses a much broader variety of issues including: the
identification of a student with specific learning disabilities under Individuals with Disabilities
Education Act (IDEA), an individual student problem solving approach to interventions, and a
standard protocol approach to interventions or possibly a school wide approach.
Universal Design for Learning Center (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link53)

The National UDL Center supports the effective implementation of Universal Design for
Learning (UDL) by connecting stakeholders in the field and providing resources and information on relevant topics. UDL provides a blueprint for creating instructional goals, methods,
materials, and assessments that work for everyone--not a single, one-size-fits-all solution
but rather flexible approaches that can be customized and adjusted for individual needs.
Universal Design for Learning Curriculum Toolkit

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link54)
The Toolkit is an open-source Web application designed to support the creation of interactive,
multimedia curricula according to the principles of UDL. The feature set includes a system
of supports and scaffolds based explicitly on the UDL Guidelines that can be customized to
any curricular context. Teachers can use the application to track students’ progress; see and
compare their responses, highlighting, and notes; and provide individual or group feedback.
UCLA Center X (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link55)

UCLA Center X is dedicated to dramatically changing schooling for underserved students.
Center X provides a unique setting where researchers and practitioners collaborate to
design and conduct programs that prepare and support K–12 teachers and administrators
committed to social justice, instructional excellence, the integration of research and practice,
and caring in urban schools. Together, these communities transform public schooling
through inquiry and change, by asking questions and solving problems, fueled by passionate
resolve and persistent effort.
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Instructional Resources
American Printing House for the Blind (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link56)

The American Printing House for the Blind provides materials to help students with vision
impairments access curriculum and daily living.
CDE Clearinghouse for Specialized Media and Translations (CSMT)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link57)
The CSMT (part of the Curriculum Frameworks and Instructional Resources Division)
provides materials and information for students needing access to the core curriculum in
various formats (e.g., braille, large print).
CDE Instructional Materials Ordering and Distribution System (IMODS)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link58)
Free instructional materials are provided for students with disabilities through the CDE CSMT
in various formats such as Braille, large-print, audio, digital talking books, and electronic files.
CDE Instructional Materials Price List (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link59)

The CDE has a searchable list of all state-adopted instructional materials for kindergarten
through grade eight. The list is updated with each new adoption of instructional materials,
and publishers have the right to submit price increases for existing lists every two years.
CDE Social Content Review (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link60)

This Web page includes a searchable CDE database of supplemental instructional materials
that have passed a social content review. Although these materials are not considered stateapproved or state- adopted, they have met all of the requirements in the Education Code for
social content.
California Standards for the Teaching Profession, California Commission on Teacher
Credentialing (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link61)

This Web site provides information about credentialing requirements for California
teachers. The 2009 California Standards for the Teaching Profession (CSTP) are posted at
http://www.cde.ca.gov/ci/sc/cf/Res.asp#link62
Digital Chalkboard (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link63)

The Digital Chalkboard allows educators to search for and follow colleagues who have had
success in teaching specific California content standards or who work with similar types of
students. Users share instructional practices through links, video, pictures, or documents,
allowing other teachers to replicate similar innovations in their classrooms.
National Federation of the Blind (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link64)

The National Federation of the Blind provides information about teaching students who are
blind.
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National Instructional Materials Access Center

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link65)
The National Instructional Materials Access Center provides digital files in multiple formats
including braille files and DAISY files which are accessible by students who are blind.
The Partnership for 21st Century Skills (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link66)

A national organization that advocates 21st century readiness skills for every student and
provides tools and resources incorporating the 4Cs into education (critical thinking and
problem solving, communication, collaboration, and creativity and innovation).

School Libraries
American Association of School Librarians (AASL)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link67)
The AASL provides advocacy resources for librarians and library users. One resource is
an annual list of “The Best West sites for Teaching and Learning” which honors internet
sites that provide enhanced learning and curriculum for school librarians and their teacher
collaborations. They also produce the “Best Apps for Teaching & Learning” which honors
apps of exceptional value to inquiry based teaching and learning. AASL is a division of the
American Library Association.
CDE School Libraries (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link68)

This CDE Web page provides information on California’s Model School Library Standards,
including an alignment document with the CCSS for ELA, improving school libraries in
California, and library funding.

Courses of Study
CDE Career Technical Education (CTE) Model Curriculum Standards

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link69)
This Web page provides information about the CTE Model Curriculum Standards, adopted in
January 2013, that are designed to prepare students to be both career- and college-ready.
CDE Elementary School Resources (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link70)

This Web page includes links to various resources about elementary education in California.
CDE Gifted and Talented Education (GATE) (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link71)

This Web page provides information about the purpose of the GATE program, requests for
applications and application renewal dates, principal apportionment calculations, Advanced
Placement, and International Baccalaureate programs.
CDE State Minimum Course Requirements (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link72)

This Web page lists state-level course requirements for high school graduation in California.
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University of California Curriculum Integration (UCCI)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link73)
The UCCI program is dedicated to supporting California high schools as the work to ensure
that more students are prepared for success in college and career. The UCCI program
focuses on assisting high schools with the development of career technical education
courses that also meet UC’s criteria for fulfilling the “a-g” subject requirements for
admission to UC and the California state universities. This Web page provides links to the
UC-approved UCCI courses available for any high school in California to teach.

Statewide Accountability
Testing and Accountability Web Page (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link74)
This Web page provides links to information about various elements of the statewide accountability system, including the California Assessment of Student Performance and Progress
(CAASPP), the California English Language Development Test (CELDT), the English Language
Proficiency Assessments for California (ELPAC), and the Smarter Balanced Assessment System.
DataQuest (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link75)

Dataquest is a resource for state, county, district, and school-level reports. It provides information on a variety of topics, including test scores, enrollment figures, and school staffing.

Health
California Department of Education (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link76)

This CDE Web page provides information and resources to improve health, school
environment, health education, and prevention.
California Department of Public Health Resources (CDPH)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link77)
Health Information pages on the CDPH Web site provides a variety of topics such as
diseases and conditions, family health, environmental health, and workplace health and
safety. Topics include environmental health and healthy living.
Centers for Disease Control and Prevention (CDC)

(http://www.cde.ca.gov/ci/sc/cf/Res.asp#link78)
The CDC Web pages offer information, resources, data and statistics, and instructional
materials in such areas as adolescent health and human immunodeficiency virus/acquired
immune deficiency syndrome (HIV/AIDS).
Healthy Kids Resource Center (http://www.cde.ca.gov/ci/sc/cf/Res.asp#link79)

This site is a source of information on many health related topics, including curriculum and
supplemental materials used for comprehensive sexual health education and HIV/AIDS
presentation education.
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