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A Framework for K-12 Science Education represents the first step in a 
process to create new standards in K-12 science education. This project 
capitalizes on a major opportunity that exists at this moment—a large 

number of states are adopting common standards in mathematics and English/
language arts and thus are poised to consider adoption of common standards in 
K-12 science education. The impetus for this project grew from the recognition 
that, although the existing national documents on science content for grades K-12 
(developed in the early to mid-1990s) were an important step in strengthening 
science education, there is much room for improvement. Not only has science pro-
gressed, but the education community has learned important lessons from 10 years 
of implementing standards-based education, and there is a new and growing body 
of research on learning and teaching in science that can inform a revision of the 
standards and revitalize science education.

In this context, the Carnegie Corporation of New York, together with the 
Institute for Advanced Study, established a commission that issued a report enti-
tled The Opportunity Equation, calling for a common set of standards in science 
to be developed. The Carnegie Corporation has taken a leadership role to ensure 
that the development of common science standards proceeds and is of the highest 
quality by funding a two-step process: first, the development of this framework 
by the National Research Council (NRC) and, second, the development of a next 
generation of science standards based on the framework led by Achieve, Inc. We 
are grateful for the financial support of the Carnegie Corporation for this project 

FOREWORD
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and for their vision in establishing the partnership and two-step process for devel-
oping the new standards.

This framework builds on the strong foundation of previous studies that 
sought to identify and describe the major ideas for K-12 science education. These 
include Science for All Americans and Benchmarks for Science Literacy (1993), 
developed by the American Association for the Advancement of Science (AAAS), 
and the National Science Education Standards (1996), developed by the NRC. 
The framework is also informed by more recent work of two of our partner orga-
nizations: the AAAS (in Project 2061 especially) and the National Science Teachers 
Association (particularly the 2009 Anchors project). Achieve, Inc., our third part-
ner is this endeavor, will lead the development of next-generation standards for 
science education based on the framework presented in this report with the aspi-
ration that many states will choose to adopt them. We look forward to working 
with these organizations in the dissemination and implementation of the vision of 
science and engineering education that the framework embodies.

The framework highlights the power of integrating understanding the ideas 
of science with engagement in the practices of science and is designed to build 
students’ proficiency and appreciation for science over multiple years of school. 
Of particular note is the prominent place given to the ideas and practices of 
engineering. 

As presidents of the National Academy of Sciences and National Academy 
of Engineering, we are pleased to convey this report to interested readers. We 
believe that the education of the children of this nation is a vital national concern. 
The understanding of, and interest in, science and engineering that its citizens 
bring to bear in their personal and civic decision making is critical to good deci-
sions about the nation’s future. The percentage of students who are motivated 
by their school and out-of-school experiences to pursue careers in these fields is 
currently too low for the nation’s needs. Moreover, an ever-larger number of jobs 
require skills in these areas, along with those in language arts and mathematics. 

We thank the committee and the many consultants and NRC staff members 
who contributed to this effort, as well as the thousands who took the time to 
comment on the draft that was made public in July 2010. That input contributed 
substantially to the quality of this final report.

Ralph J. Cicerone, President, National Academy of Sciences
Charles M. Vest, President, National Academy of Engineering
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not have been completed. We begin by acknowledging the generous support 

of the Carnegie Corporation of New York, and particularly Andrés Henriquez, for 
his attention to and patience with this project.

Next we recognize the importance of the partnership we developed with 
Achieve, Inc., the American Association for the Advancement of Science, and the 
National Science Teachers Association, and we are pleased to be continuing this 
partnership. Each organization brought its unique perspective to our many partner 
meetings, which led to a stronger report and better communication with the myri-
ad communities with an interest in K-12 science education. Each of these partners 
has an important role to play as the implementation of ideas in the framework 
develops.

This report would not have been possible without the work of many indi-
viduals, teams, and organizations, and we hope we acknowledge them all here. 
The four design teams (listed in Appendix D) were critical in the development of 
the framework and providing the committee with insightful and creative models 
for organizing the core ideas. We are deeply indebted to them and especially to 
the four team leaders: Rodger Bybee, Joseph Krajcik, Cary Sneider, and Michael 
Wysession. These team leaders worked closely with the committee until the 
final stages of the project, tirelessly revising drafts of their work, discussing the 
research, debating possible approaches, and consistently going above and beyond 
their initial commitments. The work would have been impossible without them.
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1

SUMMARY

Science, engineering, and technology permeate nearly every facet of modern 
life, and they also hold the key to meeting many of humanity’s most press-
ing current and future challenges. Yet too few U.S. workers have strong 

backgrounds in these fields, and many people lack even fundamental knowledge 
of them. This national trend has created a widespread call for a new approach to 
K-12 science education in the United States. 

The Committee on a Conceptual Framework for New K-12 Science 
Education Standards was charged with developing a framework that articulates 
a broad set of expectations for students in science. The overarching goal of our 
framework for K-12 science education is to ensure that by the end of 12th grade, 
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; are careful consumers of scientific and technological information 
related to their everyday lives; are able to continue to learn about science outside 
school; and have the skills to enter careers of their choice, including (but not lim-
ited to) careers in science, engineering, and technology.

Currently, K-12 science education in the United States fails to achieve these 
outcomes, in part because it is not organized systematically across multiple years 
of school, emphasizes discrete facts with a focus on breadth over depth, and 
does not provide students with engaging opportunities to experience how science 
is actually done. The framework is designed to directly address and overcome 
these weaknesses.
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The framework is based on a rich and growing body of research on teaching 
and learning in science, as well as on nearly two decades of efforts to define founda-
tional knowledge and skills for K-12 science and engineering. From this work, the 
committee concludes that K-12 science and engineering education should focus on 
a limited number of disciplinary core ideas and crosscutting concepts, be designed 
so that students continually build on and revise their knowledge and abilities over 
multiple years, and support the integration of such knowledge and abilities with the 
practices needed to engage in scientific inquiry and engineering design. 

The committee recommends that science education in grades K-12 be built 
around three major dimensions (see Box S-1 for details of each dimension). These 
dimensions are

• Scientific and engineering practices

• Crosscutting concepts that unify the study of science and engineering 
through their common application across fields

• Core ideas in four disciplinary areas: physical sciences; life sciences; earth 
and space sciences; and engineering, technology, and applications of science 

To support students’ meaningful learning in science and engineering, all 
three dimensions need to be integrated into standards, curriculum, instruction, and 
assessment. Engineering and technology are featured alongside the natural sciences 
(physical sciences, life sciences, and earth and space sciences) for two critical rea-
sons: (1) to reflect the importance of understanding the human-built world and (2) 
to recognize the value of better integrating the teaching and learning of science, 
engineering, and technology. 

The broad set of expectations for students articulated in the framework is 
intended to guide the development of new standards that in turn guide revisions to 
science-related curriculum, instruction, assessment, and professional development 
for educators. A coherent and consistent approach throughout grades K-12 is 
key to realizing the vision for science and engineering education embodied in the 
framework: that students, over multiple years of school, actively engage in science 
and engineering practices and apply crosscutting concepts to deepen their under-
standing of each field’s disciplinary core ideas. 

The framework represents the first step in a process that should inform 
state-level decisions and provide a research-grounded basis for improving sci-
ence teaching and learning across the country. It is intended to guide standards 
developers, curriculum designers, assessment developers, state and district science 
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THE THREE DIMENSIONS OF THE FRAMEWORK

1 Scientific and Engineering Practices
1.  Asking questions (for science) and defining problems (for engineering)
2. Developing and using models
3.  Planning and carrying out investigations
4. Analyzing and interpreting data
5.  Using mathematics and computational thinking
6.  Constructing explanations (for science) and designing solutions (for engineering)
7.  Engaging in argument from evidence
8.  Obtaining, evaluating, and communicating information

2 Crosscutting Concepts
1. Patterns 
2.  Cause and effect: Mechanism and explanation
3.  Scale, proportion, and quantity
4. Systems and system models
5.  Energy and matter: Flows, cycles, and conservation
6. Structure and function
7. Stability and change

3 Disciplinary Core Ideas
Physical Sciences
PS1: Matter and its interactions 
PS2: Motion and stability: Forces and interactions 
PS3: Energy 
PS4: Waves and their applications in technologies for information transfer 

Life Sciences
LS1: From molecules to organisms: Structures and processes
LS2: Ecosystems: Interactions, energy, and dynamics
LS3: Heredity: Inheritance and variation of traits
LS4: Biological evolution: Unity and diversity

Earth and Space Sciences
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

BOX S-1
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administrators, professionals responsible for science teacher education, and science 
educators working in informal settings. 

The report also identifies the challenges inherent in aligning the compo-
nents of K-12 science education with this new vision for science and engineering 
education, provides recommendations for standards development, and lays out a 
research agenda that would generate the insights needed to update the framework 
and inform new standards in the future. The committee emphasizes that greater 
improvements in K-12 science and engineering education will be made when all 
components of the system—from standards and assessments, to support for new 
and established teachers, to providing sufficient time for learning science—are 
aligned with the framework’s vision. 
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Science and engineering—significant parts of human culture that represent 
some of the pinnacles of human achievement—are not only major intel-
lectual enterprises but also can improve people’s lives in fundamental ways. 

Although the intrinsic beauty of science and a fascination with how the world 
works have driven exploration and discovery for centuries, many of the challenges 
that face humanity now and in the future—related, for example, to the environ-
ment, energy, and health—require social, political, and economic solutions that 
must be informed deeply by knowledge of the underlying science and engineering. 

Many recent calls for improvements in K-12 science education have focused 
on the need for science and engineering professionals to keep the United States 
competitive in the international arena. Although there is little doubt that this 
need is genuine, a compelling case can also be made that understanding science 
and engineering, now more than ever, is essential for every American citizen. 
Science, engineering, and the technologies they influence permeate every aspect 
of modern life. Indeed, some knowledge of science and engineering is required to 
engage with the major public policy issues of today as well as to make informed 
everyday decisions, such as selecting among alternative medical treatments or 
determining how to invest public funds for water supply options. In addition, 
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. In these contexts, 
learning science is important for everyone, even those who eventually choose 
careers in fields other than science or engineering.

 
A NEW CONCEPTUAL FRAMEWORK

1
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The conceptual framework presented in this report of the Committee on a 
Conceptual Framework for New K-12 Science Education Standards articulates the 
committee’s vision of the scope and nature of the education in science, engineer-
ing, and technology needed for the 21st century. It is intended as a guide to the 
next step, which is the process of developing standards for all students. Thus it 
describes the major practices, crosscutting concepts, and disciplinary core ideas 
that all students should be familiar with by the end of high school, and it provides 
an outline of how these practices, concepts, and ideas should be developed across 
the grade levels. Engineering and technology are featured alongside the physical 
sciences, life sciences, and earth and space sciences for two critical reasons: to 
reflect the importance of understanding the human-built world and to recognize 
the value of better integrating the teaching and learning of science, engineering, 
and technology.

By framework we mean a broad description of the content and sequence 
of learning expected of all students by the completion of high school—but not at 
the level of detail of grade-by-grade standards or, at the high school level, course 
descriptions and standards. Instead, as this document lays out, the framework 
is intended as a guide to standards developers as well as for curriculum design-
ers, assessment developers, state and district science administrators, profession-
als responsible for science teacher education, and science educators working in 
informal settings. 

There are two primary reasons why a new framework is needed at this time. 
One is that it has been 15 or more years since the last comparable effort at the 
national scale, and new understandings both in science and in teaching and learn-
ing science have developed over that time. The second is the opportunity provided 
by a movement of multiple states to adopt common standards in mathematics 
and in language arts, which has prompted interest in comparable documents for 
science. This framework is the first part of a two-stage process to produce a next-
generation set of science standards for voluntary adoption by states. The second 
step—the development of a set of standards based on this framework—is a state-
led effort coordinated by Achieve, Inc., involving multiple opportunities for input 
from the states’ science educators, including teachers, and the public. 

A VISION FOR K-12 EDUCATION IN THE SCIENCES AND ENGINEERING

The framework is designed to help realize a vision for education in the sciences 
and engineering in which students, over multiple years of school, actively engage 
in scientific and engineering practices and apply crosscutting concepts to deepen 
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their understanding of the core ideas in these fields. The learning experiences 
provided for students should engage them with fundamental questions about the 
world and with how scientists have investigated and found answers to those ques-
tions. Throughout grades K-12, students should have the opportunity to carry out 
scientific investigations and engineering design projects related to the disciplinary 
core ideas. 

By the end of the 12th grade, students should have gained sufficient knowl-
edge of the practices, crosscutting concepts, and core ideas of science and engi-
neering to engage in public discussions on science-related issues, to be critical 
consumers of scientific information related to their everyday lives, and to continue 
to learn about science throughout their lives. They should come to appreciate 
that science and the current scientific understanding of the world are the result of 
many hundreds of years of creative human endeavor. It is especially important to 
note that the above goals are for all students, not just those who pursue careers in 
science, engineering, or technology or those who continue on to higher education.

We anticipate that the insights gained and interests provoked from study-
ing and engaging in the practices of science and engineering during their K-12 
schooling should help students see how science and engineering are instrumental 
in addressing major challenges that confront society today, such as generating 
sufficient energy, preventing and treating diseases, maintaining supplies of clean 
water and food, and solving the problems of global environmental change. In 
addition, although not all students will choose to pursue careers in science, engi-
neering, or technology, we hope that a science education based on the framework 
will motivate and inspire a greater number of people—and a better representation 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education10

of the broad diversity of the American population—to follow these paths than is 
the case today.

The committee’s vision takes into account two major goals for K-12 science 
education: (1) educating all students in science and engineering and (2) providing 
the foundational knowledge for those who will become the scientists, engineers, 
technologists, and technicians of the future. The framework principally concerns 
itself with the first task—what all students should know in preparation for their 
individual lives and for their roles as citizens in this technology-rich and scientifi-
cally complex world. Course options, including Advanced Placement (AP) or hon-
ors courses, should be provided that allow for greater breadth or depth in the sci-
ence topics that students pursue, not only in the usual disciplines taught as natural 
sciences in the K-12 context but also in allied subjects, such as psychology, com-
puter science, and economics. It is the committee’s conviction that such an educa-
tion, done well, will excite many more young people about science-related subjects 
and generate a desire to pursue science- or engineering-based careers.

Achieving the Vision

The framework is motivated in part by a growing national consensus around the 
need for greater coherence—that is, a sense of unity—in K-12 science education. 
Too often, standards are long lists of detailed and disconnected facts, reinforcing 
the criticism that science curricula in the United States tend to be “a mile wide 
and an inch deep” [1]. Not only is such an approach alienating to young people, 
but it can also leave them with just fragments of knowledge and little sense of the 
creative achievements of science, its inherent logic and consistency, and its uni-
versality. Moreover, that approach neglects the need for students to develop an 
understanding of the practices of science and engineering, which is as important to 
understanding science as knowledge of its content.

The framework endeavors to move science education toward a more coherent 
vision in three ways. First, it is built on the notion of learning as a developmental 

❚ The framework is designed to help realize a vision for education in 

the sciences and engineering in which students, over multiple years of 

school, actively engage in scientific and engineering practices and apply 

crosscutting concepts to deepen their understanding of the core ideas in 

these fields. ❚
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progression. It is designed to help children continually build on and revise their 
knowledge and abilities, starting from their curiosity about what they see around 
them and their initial conceptions about how the world works. The goal is to guide 
their knowledge toward a more scientifically based and coherent view of the sci-
ences and engineering, as well as of the ways in which they are pursued and their 
results can be used. 

Second, the framework focuses on a limited number of core ideas in sci-
ence and engineering both within and across the disciplines. The committee 
made this choice in order to avoid shallow coverage of a large number of topics 
and to allow more time for teachers and students to explore each idea in greater 
depth. Reduction of the sheer sum of details to be mastered is intended to give 
time for students to engage in scientific investigations and argumentation and to 
achieve depth of understanding of the core ideas presented. Delimiting what is to 
be learned about each core idea within each grade band also helps clarify what 
is most important to spend time on and avoid the proliferation of detail to be 
learned with no conceptual grounding.

Third, the framework emphasizes that learning about science and engineer-
ing involves integration of the knowledge of scientific explanations (i.e., content 
knowledge) and the practices needed to engage in scientific inquiry and engineer-
ing design. Thus the framework seeks to illustrate how knowledge and practice 
must be intertwined in designing learning experiences in K-12 science education. 

Limitations of This Framework

The terms “science,” “engineering,” and “technology” are often lumped together 
as a single phrase, both in this report and in education policy circles. But it is 
important to define what is meant by each of these terms in this report—and why. 

In the K-12 context, science is generally taken to mean the traditional natu-
ral sciences: physics, chemistry, biology, and (more recently) earth, space, and 
environmental sciences. In this document, we include core ideas for these disciplin-
ary areas, but not for all areas of science, as discussed further below. This limita-
tion matches our charge and the need of schools for a next generation of stan-
dards in these areas. Engineering and technology are included as they relate to the 
applications of science, and in so doing they offer students a path to strengthen 
their understanding of the role of sciences. We use the term engineering in a very 
broad sense to mean any engagement in a systematic practice of design to achieve 
solutions to particular human problems. Likewise, we broadly use the term tech-
nology to include all types of human-made systems and processes—not in the 
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limited sense often used in schools that equates technology with modern compu-
tational and communications devices. Technologies result when engineers apply 
their understanding of the natural world and of human behavior to design ways 
to satisfy human needs and wants. This is not to say that science necessarily pre-
cedes technology; throughout history, advances in scientific understanding often 
have been driven by engineers’ questions as they work to design new or improved 
machines or systems.

Engineering and technology, defined in these broad ways, are included in 
the framework for several reasons. First, the committee thinks it is important for 
students to explore the practical use of science, given that a singular focus on the 
core ideas of the disciplines would tend to shortchange the importance of applica-
tions. Second, at least at the K-8 level, these topics typically do not appear else-
where in the curriculum and thus are neglected if not included in science instruc-
tion. Finally, engineering and technology provide a context in which students can 
test their own developing scientific knowledge and apply it to practical problems; 
doing so enhances their understanding of science—and, for many, their interest in 
science—as they recognize the interplay among science, engineering, and technol-
ogy. We are convinced that engagement in the practices of engineering design is as 
much a part of learning science as engagement in the practices of science [2].

It is important to note, however, that the framework is not intended to 
define course structure, particularly at the high school level. Many high schools 
already have courses designated as technology, design, or even engineering that 
go beyond the limited introduction to these topics specified in the framework. 
These courses are often taught by teachers who have specialized expertise and 
do not consider themselves to be science teachers. The committee takes no posi-
tion on such courses—nor, in fact, on any particular set of course sequence 
options for students at the high school level. We simply maintain that some 
introduction to engineering practice, the application of science, and the inter-
relationship of science, engineering, and technology is integral to the learning of 
science for all students.

❚ The committee’s vision takes into account two major goals for K-12 

science education: (1) educating all students in science and engineering 

and (2) providing the foundational knowledge for those who will become 

the scientists, engineers, technologists, and technicians of the future. ❚
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More generally, this framework should not be interpreted as limiting 
advanced courses that go beyond the material included here—all students at the 
high school level should have opportunities for advanced study in areas of interest 
to them, and it is hoped that, for many, this will include further study of specific 
science disciplines in honors or AP courses. Such course options may include top-
ics, such as neurobiology, and even disciplines, such as economics, that are not 
included in this framework.

Social, Behavioral, and Economic Sciences

Although some aspects of the behavioral sciences are incorporated in the frame-
work as part of life sciences, the social, behavioral, and economic sciences are not 
fully addressed. The committee did not identify a separate set of core ideas for 
these fields for several reasons. 

First, the original charge to the committee did not include these disciplines. 
Second, social, behavioral, and economic sciences include a diverse array of fields 
(sociology, economics, political science, anthropology, all of the branches of psy-
chology) with different methods, theories, relationships to other disciplines of 
science, and representation in the K-12 curriculum. Although some are currently 
represented in grades K-12, many are not or appear only in courses offered at the 
high school level. 

Third, the committee based the framework on existing documents that out-
line the major ideas for K-12 science education, including the National Science 
Education Standards (NSES) [3], the Benchmarks for Science Literacy [4] and the 
accompanying Atlas [5], the Science Framework for the 2009 National Assessment 
of Educational Progress (NAEP) [6], and the Science College Board Standards for 
College Success [7]. Most of these documents do not cover all of the fields that are 
part of the social, behavioral, and economic sciences comprehensively, and some 
omit them entirely. 

Fourth, understanding how to integrate the social, behavioral, and economic 
sciences into standards, given how subjects are currently organized in the K-12 
system, is especially complex. These fields have typically not been included as part 
of the science curriculum and, as noted above, are not represented systematically 
in some of the major national-level documents that identify core concepts for K-12 
science. Also, many of the topics related to the social, behavioral, and economic 
sciences are incorporated into curricula or courses identified as social studies and 
may be taught from a humanities perspective. In fact, the National Council for the 
Social Studies has a set of National Curriculum Standards for Social Studies that 
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includes standards in such areas as psychology, sociology, geography, anthropol-
ogy, political science, and economics [8]. 

The limited treatment of these fields in this report’s framework should not, 
however, be interpreted to mean that the social, behavioral, and economic sci-
ences should be omitted from the K-12 curriculum. On the contrary, the commit-
tee strongly believes that these important disciplines need their own framework 
for defining core concepts to be learned at the K-12 level and that learning (the 
development of understanding of content and practices) in the physical, life, earth, 
and space sciences and engineering should be strongly linked with parallel learning 
in the social, behavioral, and economic sciences. Any such framework must also 
address important and challenging issues of school and curriculum organization 
around the domain of social sciences and social studies. 

Our committee has neither the charge nor the expertise to undertake that 
important work. Thus, although we have included references to some of the 
social, behavioral, and economic issues connected to the sciences that are the focus 
of our own framework (see, for example, Core Idea 2 in engineering, technol-
ogy, and applications of science), we do not consider these references to define 
the entirety of what students should learn or discuss about social, behavioral, and 
economic sciences. 

In a separate effort, the National Research Council (NRC) has plans to con-
vene a workshop to begin exploring a definition of what core ideas in the social, 
behavioral, and economic sciences would be appropriate to teach at the K-12 level 
and at what grade levels to introduce them. As noted above, there are many quite 
distinct realms of study covered by the terms. Given the multiplicity and variety 
of disciplines involved, only a few of which are currently addressed in any way in 
K-12 classrooms, there is much work to be done to address the role of these sci-
ences in the development of an informed 21st-century citizen. It is clear, however, 
to the authors of this report that these sciences, although different in focus, do 
have much in common with the subject areas included here, so that much of what 
this report discusses in defining scientific and engineering practices and crosscut-
ting concepts has application across this broader realm of science. 

Computer Science and Statistics

Computer science and statistics are other areas of science that are not addressed 
here, even though they have a valid presence in K-12 education. Statistics is basi-
cally a subdiscipline of mathematical sciences, and it is addressed to some extent 
in the common core mathematics standards. Computer science, too, can be seen 
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as a branch of the mathematical sciences, as well as having some elements of engi-
neering. But, again, because this area of the curriculum has a history and a teach-
ing corps that are generally distinct from those of the sciences, the committee has 
not taken this domain as part of our charge. Once again, this omission should not 
be interpreted to mean that computer science or statistics should be excluded from 
the K-12 curriculum. There are aspects of computational and statistical thinking 
that must be understood and applied in learning about the sciences, and we iden-
tify these aspects, along with mathematical thinking, in our discussion of science 
practices in Chapter 3. 

ABOUT THIS REPORT

The Committee on a Conceptual Framework for New K-12 Science Education 
Standards was established by the NRC to undertake the study on which this 
report is based. Composed of 18 members reflecting a diversity of perspectives 
and a broad range of expertise, the committee includes professionals in the natural 
sciences, mathematics, engineering, cognitive and developmental psychology, the 
learning sciences, education policy and implementation, research on learning sci-
ence in the classroom, and the practice of teaching science. 

The committee’s charge was to develop a conceptual framework that 
would specify core ideas in the life sciences, physical sciences, earth and space 
sciences, and engineering and technology, as well as crosscutting concepts and 
practices, around which standards should be developed. The committee was also 
charged with articulating how these disciplinary ideas and crosscutting concepts 
intersect for at least three grade levels and to develop guidance for implementa-
tion (see Box 1-1).

Scope and Approach

The committee carried out the charge through an iterative process of amassing 
information, deliberating on it, identifying gaps, gathering further information to 
fill these gaps, and holding further discussions. In our search for particulars, we 
held three public fact-finding meetings, reviewed published reports and unpub-
lished research, and commissioned experts to prepare and present papers. At our 
fourth meeting, we deliberated on the form and structure of the framework and 
on the content of the report’s supporting chapters, to prepare a draft framework 
for public release in July 2010. During the fifth and sixth meetings, we considered 
the feedback received from the public and developed a plan for revising the draft 
framework based on this input (see below for further details).
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The nature of the charge—to identify the scientific and engineering ideas 
and practices that are most important for all students in grades K-12 to learn—
means that the committee ultimately had to rely heavily on its own expertise and 
collective judgments. To the extent possible, however, we used research-based 
evidence and past efforts to inform these judgments. Our approach combined 

COMMITTEE CHARGE

An ad hoc committee will develop and define a framework to guide the development of science education 
standards. In conducting the study and preparing its report, the committee will draw on current research on sci-
ence learning as well as research and evaluation evidence related to standards-based education reform. This will 
include existing efforts to specify central ideas for science education, including the National Science Education 
Standards, AAAS Benchmarks, the 2009 NAEP Framework, and the redesign of the AP courses by the College 
Board.

The conceptual framework developed by the committee will identify and articulate the core ideas in science 
around which standards should be developed by considering core ideas in the disciplines of science (life sciences, 
physical sciences, earth and space sciences, and applied sciences) as well as crosscutting ideas such as mathema-
tization,* causal reasoning, evaluating and using evidence, argumentation, and model development. The com-
mittee will illustrate with concrete examples how crosscutting ideas may play out in the context of select core 
disciplinary ideas and articulate expectations for students’ learning of these ideas for at least three key grade 
levels. In parallel, the committee will develop a research and development plan to inform future revisions of the 
standards. Specifically in its consensus report, the committee will

•  identify a small set of core ideas in each of the major science disciplines, as well as those ideas that cut 
across disciplines, using a set of criteria developed by the committee

•  develop guidance on implementation of the framework
•  articulate how these disciplinary ideas and crosscutting ideas intersect for at least three grade levels 
•  create examples of performance expectations
•  discuss implications of various goals for science education (e.g., general science literacy, college preparation, 

and workforce readiness) on the priority of core ideas and articulation of leaning expectations
•  develop a research and development plan to inform future revisions of the standards

*Mathematization is a technical term that means representing relationships in the natural world using mathematics.

BOX 1-1 
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evidence on the learning and teaching of science and engineering with a detailed 
examination of previous science standards documents. It is important to note that 
even where formal research is limited, the report is based on the collective experi-
ence of the science education and science education research communities. All the 
practices suggested have been explored in classrooms, as have the crosscutting 
concepts (though perhaps under other names such as “unifying themes”).

Design Teams

The committee’s work was significantly advanced by the contributions of four 
design teams, which were contracted by the NRC to prepare materials that 
described the core ideas in the natural sciences and engineering and outlined how 
these ideas could be developed across grades K-12. Each team had a designated 
leader who provided guidance and interacted frequently with the committee. The 
materials developed by the teams form the foundation for the core disciplinary 
ideas and grade band endpoints described in this report (Chapters 5-8). A list of 
the design team participants appears in Appendix D.

The design teams were asked to begin their work by considering the 
ideas and practices described in the NSES [3], AAAS Benchmarks [4], Science 
Framework for the 2009 NAEP [6], and Science College Board Standards for 
College Success [7] as well as the relevant research on learning and teaching in 
science. The teams prepared drafts and presented them to the committee dur-
ing the closed portions of our first three meetings. Between meetings, the teams 
revised their drafts in response to committee comments. Following the release 
of the July 2010 draft (see the next section), the leaders of the design teams 
continued to interact with committee members as they planned the revisions of 
the draft framework. No members of the design teams participated in the dis-
cussions during which the committee reached consensus on the content of the 
final draft.

❚ The framework and subsequent standards will not lead to improvements 

in K-12 science education unless the other components of the system—

curriculum, instruction, professional development, and assessment—

change so that they are aligned with the framework’s vision. ❚
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Public Feedback

The committee recognized early in the process that obtaining feedback from a 
broad range of stakeholders and experts would be crucial to the success of the 
framework. For this reason, we obtained permission from the NRC to release a 
draft version of the framework for public comment. 

The draft version was prepared, underwent an expedited NRC review, and 
was released in early July 2010. It was then posted online for a period of three 
weeks, during which time individuals could submit comments through an online 
survey. In addition, NRC staff contacted over 40 organizations in science, engi-
neering, and education, notifying them of the public comment period and asking 
them to hold focus groups to gather feedback from members or to at least notify 
their members of the opportunity to comment online. The NRC also worked 
closely with the National Science Teachers Association, the American Association 
for the Advancement of Science, Achieve, Inc., and the Council of State Science 
Supervisors both to facilitate the public input process and to organize focus 
groups. Finally, the committee asked nine experts to provide detailed feedback on 
the public draft.

During the 3-week public comment period, the committee received exten-
sive input from both individuals and groups: a total of more than 2,000 people 
responded to the online survey. More than 30 focus groups were held around the 
country, with 15-40 participants in each group. The committee also received let-
ters from key individuals and organizations. A list of the organizations that par-
ticipated in the focus groups or submitted letters is included in Appendix A. 

NRC staff, together with the committee chair, reviewed all of the input and 
developed summaries that identified the major issues raised and outlined possible 
revisions to the draft framework. Committee members reviewed these summaries 
and also had the opportunity to review the public feedback in detail. Based on 
discussions at the fifth and sixth meetings, the committee made substantial revi-
sions to the framework based on the feedback. A summary of the major issues 
raised in the public feedback and the revisions the committee made is included in 
Appendix A.

Structure of the Report

The first nine chapters of this report outline the principles underlying the frame-
work, describe the core ideas and practices for K-12 education in the natural 
sciences and engineering, and provide examples of how these ideas and practices 
should be integrated into any standards. 
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The remaining four chapters of the report address issues related to design-
ing and implementing standards and strengthening the research base that should 
inform them. Chapter 10 articulates the issues related to curriculum, instruction, 
and assessment. Chapter 11 discusses important considerations related to equity 
and diversity. Chapter 12 provides guidance for standards developers as they work 
to apply the framework. Finally, Chapter 13 outlines the research agenda that 
would allow a systematic implementation of the framework and related standards. 
The chapter also specifies the kinds of research needed for future iterations of the 
standards to be better grounded in evidence. 

NEXT STEPS

The National Governors Association and the Council of Chief State School 
Officers have developed “Common Core State Standards” in mathematics and 
language arts, and 43 states and the District of Columbia have adopted these stan-
dards as of early 2011. The anticipation of a similar effort for science standards 
was a prime motivator for this NRC study and the resulting framework described 
in this report. 

To maintain the momentum, the Carnegie Corporation commissioned the 
nonpartisan and nonprofit educational reform organization Achieve, Inc., to lead 
states in developing new science standards based on the NRC framework in this 
report. There is no prior commitment from multiple states to adopt such stan-
dards, so the process will be different from the Common Core process used for 
mathematics and language arts. But it is expected that Achieve will form partner-
ships with a number of states in undertaking this work and will offer multiple 
opportunities for public comment. 

As our report was being completed, Achieve’s work on science standards 
was already under way, starting with an analysis of international science bench-
marking in high-performing countries that is expected to inform the standards 
development process. We understand that Achieve has also begun some prelimi-
nary planning for that process based on the draft framework that was circulated 
for public comment in summer 2010. The relevance of such work should deepen 
once the revised framework in this report, on which Achieve’s standards will be 
based, is released. It should be noted, however, that our study and the framework 
described in this report are independent of the work of Achieve. 

The framework and any standards that will be based on it make explicit the 
goals around which a science education system should be organized [9]. The com-
mittee recognizes, however, that the framework and subsequent standards will not 
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lead to improvements in K-12 science education unless the other components of 
the system—curriculum, instruction, professional development, and assessment—
change so that they are aligned with the framework’s vision. Thus the framework 
and standards are necessary but not sufficient to support the desired improve-
ments. In Chapter 10, we address some of the challenges inherent in achieving 
such alignment. 
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T he conceptual framework presented in this report is based on a large and 
growing body of research on teaching and learning science. Much of this 
research base has been synthesized in other National Research Council 

(NRC) reports. Research on how children learn science and the implications for 
science instruction in grades K-8 was central to Taking Science to School [1], 
America’s Lab Report [2] examined the role of laboratory experiences in high 
school science instruction, and Learning Science in Informal Environments [3] 
focused on the role of science learning experiences outside school. Complementing 
these publications, Systems for State Science Assessment [4] studied large-scale 
assessments of science learning, and Engineering in K-12 Education [5] looked 
into the knowledge and skills needed to introduce students to engineering in 
grades K-12. All of these NRC reports have been essential input to the develop-
ment of the framework. 

The framework also builds on two other prior works on standards: 
Benchmarks for Science Literacy published by the American Association for the 
Advancement of Science (AAAS) [6] and the NRC’s National Science Education 
Standards (NSES) [7]. In addition, the committee examined more recent efforts, 
including the Science Framework for the 2009 National Assessment of Educational 
Progress [8], Science College Board Standards for College Success [9], the National 
Science Teachers Association’s (NSTA’s) Science Anchors project [10], and a variety 
of state and international science standards and curriculum specifications.

GUIDING ASSUMPTIONS AND 
ORGANIZATION OF THE FRAMEWORK

2
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PRINCIPLES OF THE FRAMEWORK

Several guiding principles, drawn from what is known about the nature of learn-
ing science, underlie both the structure and the content of the framework. These 
principles include young children’s capacity to learn science, a focus on core 
ideas, the development of true understanding over time, the consideration both of 
knowledge and practice, the linkage of science education to students’ interests and 
experiences, and the promotion of equity. 

Children Are Born Investigators

The research summarized in Taking Science to School [1] revealed that children 
entering kindergarten have surprisingly sophisticated ways of thinking about the 
world, based in part on their direct experiences with the physical environment, 

such as watching objects fall or 
collide and observing plants and 
animals [11-16]. They also learn 
about the world through everyday 
activities, such as talking with their 
families, pursuing hobbies, watching 
television, and playing with friends 
[3]. As children try to understand 
and influence the world around 
them, they develop ideas about 
their role in that world and how it 
works [17-19]. In fact, the capacity 
of young children—from all back-
grounds and socioeconomic levels—
to reason in sophisticated ways is 
much greater than has long been 
assumed [1]. Although they may 
lack deep knowledge and extensive 
experience, they often engage in a 
wide range of subtle and complex 
reasoning about the world [20-23]. 

Thus, before they even enter school, children have developed their own ideas about 
the physical, biological, and social worlds and how they work. By listening to and 
taking these ideas seriously, educators can build on what children already know 
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and can do. Such initial ideas may be more or less cohesive and sometimes may be 
incorrect. However, some of children’s early intuitions about the world can be used 
as a foundation to build remarkable understanding, even in the earliest grades. 
Indeed, both building on and refining prior conceptions (which can include miscon-
ceptions) are important in teaching science at any grade level. The implication of 
these findings for the framework is that building progressively more sophisticated 
explanations of natural phenomena is central throughout grades K-5, as opposed 
to focusing only on description in the early grades and leaving explanation to the 
later grades. Similarly, students can engage in scientific and engineering practices 
beginning in the early grades.

Focusing on Core Ideas and Practices

The framework focuses on a limited set of core ideas in order to avoid the cover-
age of multiple disconnected topics—the oft-mentioned mile wide and inch deep. 
This focus allows for deep exploration of important concepts, as well as time for 
students to develop meaningful understanding, to actually practice science and 
engineering, and to reflect on their nature. It also results in a science education 
that extends in a more coherent way across grades K-12. 

The core ideas also can provide an organizational structure for the acquisi-
tion of new knowledge. Understanding the core ideas and engaging in the scien-
tific and engineering practices helps to prepare students for broader understand-
ing, 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 [24]. 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. 

Importantly, this approach will also help students build the capacity to 
develop more flexible and coherent—that is, wide-ranging—understanding of sci-
ence. Research on learning shows that supporting development of this kind of 
understanding is challenging, but it is aided by explicit instructional support that 
stresses connections across different activities and learning experiences. 
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Understanding Develops Over Time

To develop a thorough understanding of scientific explanations of the world, 
students need sustained opportunities to work with and develop the underlying 
ideas and to appreciate those ideas’ interconnections over a period of years rather 
than weeks or months [1]. This sense of development has been conceptualized in 
the idea of learning progressions [1, 25, 26]. If mastery of a core idea in a science 
discipline is the ultimate educational destination, then well-designed learning pro-
gressions provide a map of the routes that can be taken to reach that destination. 
Such progressions describe both how students’ understanding of the idea matures 
over time and the instructional supports and experiences that are needed for them 
to make progress. Learning progressions may extend all the way from preschool 
to 12th grade and beyond—indeed, people can continue learning about scientific 
core ideas their entire lives. Because learning progressions extend over multiple 
years, they can prompt educators to consider how topics are presented at each 
grade level so that they build on prior understanding and can support increasingly 
sophisticated learning. Hence, core ideas and their related learning progressions 
are key organizing principles for the design of the framework. 

Science and Engineering Require Both Knowledge and Practice

Science is not just a body of knowledge that reflects current understanding of the 
world; it is also a set of practices used to establish, extend, and refine that knowl-
edge. Both elements—knowledge and practice—are essential. 

In science, knowledge, based on evidence from many investigations, is inte-
grated into highly developed and well-tested theories that can explain bodies of 
data and predict outcomes of further investigations. Although the practices used 
to develop scientific theories (as well as the form that those theories take) differ 
from one domain of science to another, all sciences share certain common fea-
tures at the core of their inquiry-based and problem-solving approaches. Chief 
among these features is a commitment to data and evidence as the foundation 

❚ Building progressively more sophisticated explanations of natural 

phenomena is central throughout grades K-5, as opposed to focusing 

only on description in the early grades and leaving explanation to the 

later grades. ❚
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for developing claims. The argumentation and analysis that relate evidence and 
theory are also essential features of science; scientists need to be able to examine, 
review, and evaluate their own knowledge and ideas and critique those of others. 
Argumentation and analysis include appraisal of data quality, modeling of theo-
ries, development of new testable questions from those models, and modification 
of theories and models as evidence indicates they are needed. 

Finally, science is fundamentally a social enterprise, and scientific knowl-
edge advances through collaboration and in the context of a social system with 
well-developed norms. Individual scientists may do much of their work indepen-
dently or they may collaborate closely with colleagues. Thus, new ideas can be the 
product of one mind or many working together. However, the theories, models, 
instruments, and methods for collecting and displaying data, as well as the norms 
for building arguments from evidence, are developed collectively in a vast net-
work of scientists working together over extended periods. As they carry out their 
research, scientists talk frequently with their colleagues, both formally and infor-
mally. They exchange emails, engage in discussions at conferences, share research 
techniques and analytical procedures, and present and respond to ideas via pub-
lication in journals and books. In short, scientists constitute a community whose 
members work together to build a body of evidence and devise and test theories. 
In addition, this community and its culture exist in the larger social and economic 
context of their place and time and are influenced by events, needs, and norms 
from outside science, as well as by the interests and desires of scientists.

Similarly, engineering involves both knowledge and a set of practices. 
The major goal of engineering is to solve problems that arise from a specific 
human need or desire. To do this, engineers rely on their knowledge of science 
and mathematics as well as their understanding of the engineering design pro-
cess. Defining and solving the problem, that is, specifying what is needed and 
designing a solution for it, are the parts of engineering on which we focus in this 
framework, both because they provide students a place to practice the appli-
cation of their understanding of science and because the design process is an 
important way for K-12 students to develop an understanding of engineering as 

❚ Science is not just a body of knowledge that reflects current 

understanding of the world; it is also a set of practices used to establish, 

extend, and refine that knowledge. ❚
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a discipline and as a possible career path. The work of engineers, like the work 
of scientists, involves both individual and cooperative effort; and it requires spe-
cialized knowledge. Hence, we include both engineering practices and engineer-
ing core ideas in this framework.

Connecting to Students’ Interests and Experiences

A rich science education has the potential to capture students’ sense of wonder 
about the world and to spark their desire to continue learning about science 
throughout their lives. Research suggests that personal interest, experience, and 
enthusiasm—critical to children’s learning of science at school or in other set-
tings—may also be linked to later educational and career choices [27-30]. Thus, 
in order for students to develop a sustained attraction to science and for them 
to appreciate the many ways in which it is pertinent to their daily lives, class-
room learning experiences in science need to connect with their own interests 
and experiences. 

As a strategy for building on prior interest, the disciplinary core ideas identi-
fied here are described not only with an eye toward the knowledge that students 
bring with them to school but also toward the kinds of questions they are likely to 
pose themselves at different ages. Such questions as “Where do we come from?,” 
“Why is the sky blue?,” and “What is the smallest piece of matter?” are funda-
mental hooks that engage young people. Framing a curriculum around such sets of 
questions helps to communicate relevance and salience to this audience.

Promoting Equity

Equity in science education requires that all students are provided with equitable 
opportunities to learn science and become engaged in science and engineering 
practices; with access to quality space, equipment, and teachers to support and 
motivate that learning and engagement; and adequate time spent on science. In 
addition, the issue of connecting to students’ interests and experiences is particu-
larly important for broadening participation in science. There is increasing recog-
nition that the diverse customs and orientations that members of different cultural 
communities bring both to formal and to informal science learning contexts are 
assets on which to build—both for the benefit of the student and ultimately of sci-
ence itself. For example, researchers have documented that children reared in rural 
agricultural communities, who experience intense and regular interactions with 
plants and animals, develop more sophisticated understanding of ecology and bio-
logical species than do urban and suburban children of the same age [31-33].
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Others have identified connections between children’s culturally based sto-
rytelling and their engagement in argumentation and science inquiry, and some of 
these researchers have also documented pedagogical means of using such connec-
tions to support students’ 
science learning and promote 
educational equity [34]. 
The research demonstrates 
the importance of embrac-
ing diversity as a means of 
enhancing learning about 
science and the world, espe-
cially as society in the United 
States becomes progressively 
more diverse with respect to 
language, ethnicity, and race. 

The goal of educa-
tional equity is one of the 
reasons to have rigorous standards that apply to all students. Not only should all 
students be expected to attain these standards, but also work is needed to ensure 
that all are provided with high-quality opportunities to engage in significant sci-
ence and engineering learning.

STRUCTURE OF THE FRAMEWORK

Based on the guiding principles outlined above, we have created a framework—
comprised of three dimensions—that broadly outlines the knowledge and prac-
tices of the sciences and engineering that all students should learn by the end of 
high school: 

• Dimension 1 describes scientific and engineering practices. 

• Dimension 2 describes crosscutting concepts—that is, those having applica-
bility across science disciplines.

• Dimension 3 describes core ideas in the science disciplines and of the rela-
tionships among science, engineering, and technology. 

The three dimensions of the framework, which constitute the major con-
clusions of this report, are presented in separate chapters. However, in order to 
facilitate students’ learning, the dimensions must be woven together in standards, 
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curricula, instruction, and assessments. When they explore particular disciplinary 
ideas from Dimension 3, students will do so by engaging in practices articulated in 
Dimension 1 and should be helped to make connections to the crosscutting con-
cepts in Dimension 2. 

Dimension 1: Practices

Dimension 1 describes (a) the major practices that scientists employ as they inves-
tigate and build models and theories about the world and (b) a key set of engi-
neering practices that engineers use as they design and build systems. We use the 
term “practices” instead of a term such as “skills” to emphasize that engaging in 
scientific investigation requires not only skill but also knowledge that is specific to 
each practice. 

Similarly, because the term “inquiry,” extensively referred to in previous 
standards documents, has been interpreted over time in many different ways 
throughout the science education community, part of our intent in articulating 
the practices in Dimension 1 is to better specify what is meant by inquiry in sci-
ence and the range of cognitive, social, and physical practices that it requires. 
As in all inquiry-based approaches to science teaching, our expectation is that 
students will themselves engage in the practices and not merely learn about them 
secondhand. Students cannot comprehend scientific practices, nor fully appreci-
ate the nature of scientific knowledge itself, without directly experiencing those 
practices for themselves.

Dimension 2: Crosscutting Concepts

The crosscutting concepts have application across all domains of science. As such, 
they provide one way of linking across the domains in Dimension 3. These cross-
cutting concepts are not unique to this report. They echo many of the unifying 
concepts and processes in the National Science Education Standards [7], the com-
mon themes in the Benchmarks for Science Literacy [6], and the unifying concepts 
in the Science College Board Standards for College Success [9]. The framework’s 
structure also reflects discussions related to the NSTA Science Anchors project, 
which emphasized the need to consider not only disciplinary content but also the 
ideas and practices that cut across the science disciplines.

Dimension 3: Disciplinary Core Ideas

The continuing expansion of scientific knowledge makes it impossible to teach all 
the ideas related to a given discipline in exhaustive detail during the K-12 years. 
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But given the cornucopia of information available today virtually at a touch—
people live, after all, in an information age—an important role of science educa-
tion is not to teach “all the facts” but rather to prepare students with sufficient 
core knowledge so that they can later acquire additional information on their 
own. An education focused on a limited set of ideas and practices in science and 
engineering should enable students to evaluate and select reliable sources of scien-
tific information and allow them to continue their development well beyond their 
K-12 school years as science learners, users of scientific knowledge, and perhaps 
also as producers of such knowledge. 

With these ends in mind, the committee developed its small set of core ideas 
in science and engineering by applying the criteria listed below. Although not 
every core idea will satisfy every one of the criteria, to be regarded as core, each 
idea must meet at least two of them (though preferably three or all four). 

Specifically, a core idea for K-12 science instruction should

1.  Have broad importance across multiple sciences or engineering disci-
plines or be a key organizing principle of a single discipline.

2.  Provide a key tool for understanding or investigating more complex ideas 
and solving problems.

3.  Relate to the interests and life experiences of students or be connected 
to societal or personal concerns that require scientific or technological 
knowledge. 

4.  Be teachable and learnable 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. 

In organizing Dimension 3, we grouped disciplinary ideas into four major 
domains: the physical sciences; the life sciences; the earth and space sciences; 
and engineering, technology, and applications of science. At the same time, true 
to Dimension 2, we acknowledge the multiple connections among domains. 
Indeed, more and more frequently, scientists work in interdisciplinary teams that 
blur traditional boundaries. As a consequence, in some instances core ideas, or 
elements of core ideas, appear in several disciplines (e.g., energy, human impact 
on the planet). 

Each core idea and its components are introduced with a question designed 
to show some aspect of the world that this idea helps to explain. The question 
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is followed by a description of the understanding about the idea that should be 
developed by the end of high school. This structure is intended to stress that pos-
ing questions about the world and seeking to answer them is fundamental to 
doing science. 

The inclusion of core ideas related to engineering, technology, and appli-
cations of science reflects an increasing emphasis at the national level on con-
sidering connections among science, technology, engineering, and mathematics. 
It is also informed by a recent report from the NRC on engineering education 
in K-12, which highlights the linkages—which go both ways—between learn-
ing science and learning engineering. Just as new science enables or sometimes 

demands new technologies, new technologies 
enable new scientific investigations, allowing 
scientists to probe realms and handle quanti-
ties of data previously inaccessible to them. 

Moreover, the line between applied sci-
ence and engineering is fuzzy. It is impossible 
to do engineering today without applying 
science in the process, and, in many areas of 
science, designing and building new experi-
ments requires scientists to engage in some 
engineering practices. This interplay of sci-
ence and engineering makes it appropriate to 
place engineering and technology as part of 
the science framework at the K-12 level. In 

this way, students can better see how science and engineering pertain to real-world 
problems and explore opportunities to apply their scientific knowledge to engi-
neering design problems once this linkage is made. 

Finally, our effort to identify a small number of core ideas may disappoint 
some scientists and educators who find little or nothing of their favorite science 
topics included in the framework. But the committee is convinced that by building 

❚ Just as new science enables or sometimes demands new technologies, 

new technologies enable new scientific investigations, allowing 

scientists to probe realms and handle quantities of data previously 

inaccessible to them. ❚
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a strong base of core knowledge and competencies, understood in sufficient depth 
to be used, students will leave school better grounded in scientific knowledge and 
practices—and with greater interest in further learning in science—than when 
instruction “covers” multiple disconnected pieces of information that are memo-
rized and soon forgotten once the test is over.

Progressions Across K-12

The framework emphasizes developing students’ proficiency in science in a 
coherent way across grades K-12 following the logic of learning progressions. 
Developing detailed learning progressions for all of the practices, concepts, and 
ideas that make up the three dimensions was beyond the committee’s charge; how-
ever, we do provide some guidance on how students’ facility with the practices, 
concepts, and ideas may develop over multiple grades. For the practices and cross-
cutting concepts, the committee developed sketches of the possible progression for 
each practice or concept. These progressions do not specify grade bands because 
there was not enough available evidence to do so.

For the disciplinary core ideas, we provide a set of grade band endpoints 
for each component idea that describe the developing understanding that stu-
dents should have acquired by the ends of grades 2, 5, 8, and 12, respectively. 
These endpoints indicate how this idea should be developed across the span 
of the K-12 years. In standards, curriculum, and instruction, a more complete 
sequence that integrates the core ideas with the practices and crosscutting con-
cepts will be needed.

When possible, the grade band endpoints were informed by research on 
teaching and learning, particularly on learning progressions (see Appendix B for 
a list of the references the committee consulted). The committee referred to this 
literature to help determine students’ capabilities at a particular grade band given 
appropriate instructional support as well as potential difficulties. However, the 
availability of such research is uneven across the core and component ideas of 
Dimension 3. For this reason, the endpoints were also informed by the commit-
tee’s judgment about grade appropriateness. All in all, the endpoints provide a set 
of initial hypotheses about the progression of learning that can inform standards 
and serve as a basis for additional research.

The endpoints follow a common trend across the grades. In grades K-2, we 
choose ideas about phenomena that students can directly experience and inves-
tigate. In grades 3-5, we include invisible but chiefly still macroscopic entities, 
such as what is inside the body or Earth, with which children will have had little 
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direct experience. When microscopic entities are introduced, no stress is placed on 
understanding their size—just that they are too small to see directly. However, pic-
tures, physical models, and simulations can represent the entities and relate them 
to phenomena that the students can investigate and interpret. In grades 6-8, we 
move to atomic-level explanations of physical phenomena and cellular-level expla-
nations of life processes and biological structures, but without detail on the inner 
workings of an atom or a cell. Finally, in grades 9-12 we shift to subatomic and 
subcellular explanations. A similar progression of scales and abstraction of mod-
els applies in addressing phenomena of large scales and deep time. We have also 
included some “boundary statements” that specify the level of detail students are 
expected to know, but standards will need to further delineate such boundaries.

The progression for practices across the grades follows a similar pattern, 
with grades K-2 stressing observations and explanations related to direct experi-
ences, grades 3-5 introducing simple models that help explain observable phenom-
ena, and a transition to more abstract and more detailed models and explanations 
across the grades 6-8 and 9-12. The idea behind these choices is not that young 
children cannot reason abstractly or imagine unseen things but that their capacity 
to do so in a scientific context needs to be developed with opportunities presented 
over time. There is ample opportunity to develop scientific thinking, argumenta-
tion, and reasoning in the context of familiar phenomena in grades K-2, and that 
is the experience that will best support science learning across the grades. 
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From its inception, one of the principal goals of science education has been 
to cultivate students’ scientific habits of mind, develop their capability to 
engage in scientific inquiry, and teach them how to reason in a scientific 

context [1, 2]. There has always been a tension, however, between the emphasis 
that should be placed on developing knowledge of the content of science and 
the emphasis placed on scientific practices. A narrow focus on content alone has 
the unfortunate consequence of leaving students with naive conceptions of the 
nature of scientific inquiry [3] and the impression that science is simply a body 
of isolated facts [4]. 

This chapter stresses the importance of developing students’ knowledge of 
how science and engineering achieve their ends while also strengthening their com-
petency with related practices. As previously noted, we use the term “practices,” 
instead of a term such as “skills,” to stress that engaging in scientific inquiry 
requires coordination both of knowledge and skill simultaneously. 

In the chapter’s three major sections, we first articulate why the learning of 
science and engineering practices is important for K-12 students and why these 
practices should reflect those of professional scientists and engineers. Second, we 
describe in detail eight practices we consider essential for learning science and 
engineering in grades K-12 (see Box 3-1). Finally, we conclude that acquiring skills 
in these practices supports a better understanding of how scientific knowledge is 
produced and how engineering solutions are developed. Such understanding will 
help students become more critical consumers of scientific information.

Dimension 1
SCIENTIFIC AND ENGINEERING PRACTICES

3
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Throughout the discussion, we consider practices both of science and engi-
neering. In many cases, the practices in the two fields are similar enough that they 
can be discussed together. In other cases, however, they are considered separately.

WHY PRACTICES?

Engaging in the practices of science helps students understand how scientific 
knowledge develops; such direct involvement gives them an appreciation of the 
wide range of approaches that are used to investigate, model, and explain the 
world. Engaging in the practices of engineering likewise helps students under-
stand the work of engineers, as well as the links between engineering and science. 
Participation in these practices also helps students form an understanding of the 
crosscutting concepts and disciplinary ideas of science and engineering; moreover, 
it makes students’ knowledge more meaningful and embeds it more deeply into 
their worldview. 

The actual doing of science or engineering can also pique students’ curios-
ity, capture their interest, and motivate their continued study; the insights thus 
gained help them recognize that the work of scientists and engineers is a creative 

PRACTICES FOR K-12 SCIENCE CLASSROOMS

1. Asking questions (for science) and defining problems (for engineering)

2. Developing and using models

3. Planning and carrying out investigations

4. Analyzing and interpreting data

5. Using mathematics and computational thinking

6. Constructing explanations (for science) and designing solutions (for engineering)

7. Engaging in argument from evidence

8. Obtaining, evaluating, and communicating information

BOX 3-1
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endeavor [5, 6]—one that has deeply affected the world they live in. Students 
may then recognize that science and engineering can contribute to meeting many 
of the major challenges that confront society today, such as generating sufficient 
energy, preventing and treating disease, maintaining supplies of fresh water and 
food, and addressing climate change. Any education that focuses predominantly 
on the detailed products of scientific labor—the facts of science—without develop-
ing an understanding of how those facts were established or that ignores the many 
important applications of science in the world misrepresents science and marginal-
izes the importance of engineering.

Understanding How Scientists Work

The idea of science as a set of practices has emerged from the work of historians, 
philosophers, psychologists, and sociologists over the past 60 years. This work 
illuminates how science is actually done, both in the short term (e.g., studies of 
activity in a particular laboratory or program) and historically (studies of labora-
tory notebooks, published texts, eyewitness accounts) [7-9]. Seeing science as a 
set of practices shows that theory development, reasoning, and testing are compo-
nents of a larger ensemble of activities that includes networks of participants and 
institutions [10, 11], specialized ways of talking and writing [12], the development 
of models to represent systems or phenomena [13-15], the making of predictive 
inferences, construction of appropriate instrumentation, and testing of hypotheses 
by experiment or observation [16]. 

Our view is that this perspective is an improvement over previous 
approaches in several ways. First, it minimizes the tendency to reduce scientific 
practice to a single set of procedures, such as identifying and controlling variables, 
classifying entities, and identifying sources of error. This tendency overemphasizes 
experimental investigation at the expense of other practices, such as modeling, 
critique, and communication. In addition, when such procedures are taught in iso-
lation from science content, they become the aims of instruction in and of them-
selves rather than a means of developing a deeper understanding of the concepts 
and purposes of science [17]. 

❚ The actual doing of science or engineering can pique students’ 

curiosity, capture their interest, and motivate their continued study. ❚
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Second, a focus on practices (in the plural) avoids the mistaken impression 
that there is one distinctive approach common to all science—a single “scientific 
method”—or that uncertainty is a universal attribute of science. In reality, practicing 
scientists employ a broad spectrum of methods, and although science involves many 
areas of uncertainty as knowledge is developed, there are now many aspects of sci-
entific knowledge that are so well established as to be unquestioned foundations of 
the culture and its technologies. It is only through engagement in the practices that 
students can recognize how such knowledge comes about and why some parts of 
scientific theory are more firmly established than others.

Third, attempts to develop the idea that science should be taught through 
a process of inquiry have been hampered by the lack of a commonly accepted 
definition of its constituent elements. Such ambiguity results in widely divergent 
pedagogic objectives [18]—an outcome that is counterproductive to the goal of 
common standards. 

The focus here is on important practices, such as modeling, developing 
explanations, and engaging in critique and evaluation (argumentation), that have 
too often been underemphasized in the context of science education. In particular, 
we stress that critique is an essential element both for building new knowledge 
in general and for the learning of science in particular [19, 20]. Traditionally, 
K-12 science education has paid little attention to the role of critique in science. 
However, as all ideas in science are evaluated against alternative explanations and 
compared with evidence, acceptance of an explanation is ultimately an assess-
ment of what data are reliable and relevant and a decision about which explana-
tion is the most satisfactory. Thus knowing why the wrong answer is wrong can 
help secure a deeper and stronger understanding of why the right answer is right. 
Engaging in argumentation from evidence about an explanation supports students’ 
understanding of the reasons and empirical evidence for that explanation, demon-
strating that science is a body of knowledge rooted in evidence.

How the Practices Are Integrated into Both Inquiry and Design

One helpful way of understanding the practices of scientists and engineers is to 
frame them as work that is done in three spheres of activity, as shown in Figure 
3-1. In one sphere, the dominant activity is investigation and empirical inquiry. 
In the second, the essence of work is the construction of explanations or designs 
using reasoning, creative thinking, and models. And in the third sphere, the ideas, 
such as the fit of models and explanations to evidence or the appropriateness of 
product designs, are analyzed, debated, and evaluated [21-23]. In all three spheres 
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of activity, scientists and engineers try to use the best available tools to support 
the task at hand, which today means that modern computational technology is 
integral to virtually all aspects of their work.

At the left of the figure are activities related to empirical investigation. In 
this sphere of activity, scientists determine what needs to be measured; observe 
phenomena; plan experiments, programs of observation, and methods of data 
collection; build instruments; engage in disciplined fieldwork; and identify sourc-
es of uncertainty. For their part, engineers engage in testing that will contribute 
data for informing proposed designs. A civil engineer, for example, cannot design 
a new highway without measuring the terrain and collecting data about the 
nature of the soil and water flows. 

The activities related to developing explanations and solutions are shown 
at the right of the figure. For scientists, their work in this sphere of activity is to 
draw from established theories and models and to propose extensions to theory 
or create new models. Often, they develop a model or hypothesis that leads to 
new questions to investigate or alternative explanations to consider. For engineers, 
the major practice is the production of designs. Design development also involves 
constructing models, for example, computer simulations of new structures or pro-
cesses that may be used to test a design under a range of simulated conditions or, 

THE REAL WORLD

COLLECT DATA
TEST SOLUTIONS

THEORIES
AND MODELS

FORMULATE HYPOTHESES
PROPOSE SOLUTIONS

Ask Questions
Observe
Experiment
Measure

Imagine
Reason
Calculate
Predict

ARGUE
CRITIQUE
ANALYZE

Investigating
Developing Explanations

and SolutionsEvaluating

FIGURE 3-1 The three spheres of activity for scientists and engineers.



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education46

at a later stage, to test a physical prototype. Both scientists and engineers use their 
models—including sketches, diagrams, mathematical relationships, simulations, 
and physical models—to make predictions about the likely behavior of a system, 
and they then collect data to evaluate the predictions and possibly revise the mod-
els as a result. 

Between and within these two spheres of activity is the practice of evalua-
tion, represented by the middle space. Here is an iterative process that repeats at 
every step of the work. Critical thinking is required, whether in developing and 
refining an idea (an explanation or a design) or in conducting an investigation. 
The dominant activities in this sphere are argumentation and critique, which often 
lead to further experiments and observations or to changes in proposed models, 
explanations, or designs. Scientists and engineers use evidence-based argumenta-
tion to make the case for their ideas, whether involving new theories or designs, 
novel ways of collecting data, or interpretations of evidence. They and their peers 
then attempt to identify weaknesses and limitations in the argument, with the ulti-
mate goal of refining and improving the explanation or design.

In reality, scientists and engineers move, fluidly and iteratively, back and 
forth among these three spheres of activity, and they conduct activities that might 
involve two or even all three of the modes at once. The function of Figure 3-1 is 
therefore solely to offer a scheme that helps identify the function, significance, 
range, and diversity of practices embedded in the work of scientists and engineers. 
Although admittedly a simplification, the figure does identify three overarching 
categories of practices and shows how they interact. 

How Engineering and Science Differ

Engineering and science are similar in that both involve creative processes, 
and neither uses just one method. And just as scientific investigation has been 
defined in different ways, engineering design has been described in various ways. 
However, there is widespread agreement on the broad outlines of the engineering 
design process [24, 25]. 

Like scientific investigations, engineering design is both iterative and sys-
tematic. It is iterative in that each new version of the design is tested and then 
modified, based on what has been learned up to that point. It is systematic in 
that a number of characteristic steps must be undertaken. One step is identifying 
the problem and defining specifications and constraints. Another step is generat-
ing ideas for how to solve the problem; engineers often use research and group 
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sessions (e.g., “brainstorming”) to come up with a range of solutions and design 
alternatives for further development. Yet another step is the testing of potential 
solutions through the building and testing of physical or mathematical models 
and prototypes, all of which provide valuable data that cannot be obtained in 
any other way. With data in hand, the engineer can analyze how well the various 
solutions meet the given specifications and constraints and then evaluate what is 
needed to improve the leading design or devise a better one. 

In contrast, scientific studies may or may not be driven by any immedi-
ate practical application. On one hand, certain kinds of scientific research, such 
as that which led to Pasteur’s fundamental contributions to the germ theory of 
disease, were undertaken for practical purposes and resulted in important new 
technologies, including vaccination for anthrax and rabies and the pasteurization 
of milk to prevent spoilage. On the other hand, many scientific studies, such as 
the search for the planets orbiting distant stars, are driven by curiosity and under-
taken with the aim of answering a question about the world or understanding an 

❚ Students’ opportunities to immerse themselves in these practices and 

to explore why they are central to science and engineering are critical to 

appreciating the skill of the expert and the nature of his or her enterprise. ❚
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observed pattern. For science, developing such an explanation constitutes success 
in and of itself, regardless of whether it has an immediate practical application; 
the goal of science is to develop a set of coherent and mutually consistent theoreti-
cal descriptions of the world that can provide explanations over a wide range of 
phenomena, For engineering, however, success is measured by the extent to which 
a human need or want has been addressed.

Both scientists and engineers engage in argumentation, but they do so with 
different goals. In engineering, the goal of argumentation is to evaluate prospec-
tive designs and then produce the most effective design for meeting the specifi-
cations and constraints. This optimization process typically involves trade-offs 
between competing goals, with the consequence that there is never just one “cor-
rect” solution to a design challenge. Instead, there are a number of possible solu-
tions, and choosing among them inevitably involves personal as well as technical 
and cost considerations. Moreover, the continual arrival of new technologies 
enables new solutions.

In contrast, theories in science must meet a very different set of criteria, 
such as parsimony (a preference for simpler solutions) and explanatory coherence 
(essentially how well any new theory provides explanations of phenomena that fit 
with observations and allow predictions or inferences about the past to be made). 
Moreover, the aim of science is to find a single coherent and comprehensive theory 
for a range of related phenomena. Multiple competing explanations are regarded 
as unsatisfactory and, if possible, the contradictions they contain must be resolved 
through more data, which enable either the selection of the best available expla-
nation or the development of a new and more comprehensive theory for the phe-
nomena in question.

Although we do not expect K-12 students to be able to develop new scien-
tific theories, we do expect that they can develop theory-based models and argue 
using them, in conjunction with evidence from observations, to develop explana-
tions. Indeed, developing evidence-based models, arguments, and explanations is 
key to both developing and demonstrating understanding of an accepted scien-
tific viewpoint. 

❚ A focus on practices (in the plural) avoids the mistaken impression 

that there is one distinctive approach common to all science—a single 

“scientific method.” ❚
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PRACTICES FOR K-12 CLASSROOMS

The K-12 practices described in this chapter are derived from those that scientists 
and engineers actually engage in as part of their work. We recognize that students 
cannot reach the level of competence of professional scientists and engineers, any 
more than a novice violinist is expected to attain the abilities of a virtuoso. Yet 
students’ opportunities to immerse themselves in these practices and to explore 
why they are central to science and engineering are critical to appreciating the skill 
of the expert and the nature of his or her enterprise. 

We consider eight practices to be essential elements of the K-12 science and 
engineering curriculum:

1.  Asking questions (for science) and defining problems (for engineering)
2.  Developing and using models
3.  Planning and carrying out investigations
4.  Analyzing and interpreting data
5.  Using mathematics and computational thinking
6.  Constructing explanations (for science) and designing solutions (for 

engineering)
7.  Engaging in argument from evidence
8.  Obtaining, evaluating, and communicating information

In the eight subsections that follow, we address in turn each of these eight 
practices in some depth. Each discussion describes the practice, articulates the 
major competencies that students should have by the end of 12th grade (“Goals”), 
and sketches how their competence levels might progress across the preceding 
grades (“Progression”). These sketches are based on the committee’s judgment, as 
there is very little research evidence as yet on the developmental trajectory of each 
of these practices. The overall objective is that students develop both the facil-
ity and the inclination to call on these practices, separately or in combination, as 
needed to support their learning and to demonstrate their understanding of science 
and engineering. Box 3-2 briefly contrasts the role of each practice’s manifestation 
in science with its counterpart in engineering. In doing science or engineering, the 
practices are used iteratively and in combination; they should not be seen as a lin-
ear sequence of steps to be taken in the order presented.
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DISTINGUISHING PRACTICES IN SCIENCE FROM THOSE IN ENGINEERING

1. Asking Questions and Defining Problems

Science begins with a question about a phe-
nomenon, such as “Why is the sky blue?” or 
“What causes cancer?,” and seeks to develop 
theories that can provide explanatory answers to 
such questions. A basic practice of the scientist 
is formulating empirically answerable questions 
about phenomena, establishing what is already 
known, and determining what questions have 
yet to be satisfactorily answered. 

Engineering begins with a problem, need, or desire 
that suggests an engineering problem that needs to 
be solved. A societal problem such as reducing the 
nation’s dependence on fossil fuels may engender a 
variety of engineering problems, such as designing 
more efficient transportation systems, or alternative 
power generation devices such as improved solar 
cells. Engineers ask questions to define the engineer-
ing problem, determine criteria for a successful solu-
tion, and identify constraints.

2. Developing and Using Models

Science often involves the construction and use 
of a wide variety of models and simulations to 
help develop explanations about natural phe-
nomena. Models make it possible to go beyond 
observables and imagine a world not yet seen. 
Models enable predictions of the form “if . . . 
then . . . therefore” to be made in order to test 
hypothetical explanations. 

Engineering makes use of models and simulations 
to analyze existing systems so as to see where flaws 
might occur or to test possible solutions to a new 
problem. Engineers also call on models of various 
sorts to test proposed systems and to recognize the 
strengths and limitations of their designs.

3. Planning and Carrying Out Investigations 

Scientific investigation may be conducted 
in the field or the laboratory. A major practice of 
scientists is planning and carrying out a system-
atic investigation, which requires the identifica-
tion of what is to be recorded and, if applicable, 
what are to be treated as the dependent and 
independent variables (control of variables). 
Observations and data collected from such work 
are used to test existing theories and explana-
tions or to revise and develop new ones. 

Engineers use investigation both to gain data 
essential for specifying design criteria or parameters 
and to test their designs. Like scientists, engineers 
must identify relevant variables, decide how they 
will be measured, and collect data for analysis. Their 
investigations help them to identify how effective, 
efficient, and durable their designs may be under a 
range of conditions. 

BOX 3-2
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4. Analyzing and Interpreting Data

Scientific investigations produce data that 
must be analyzed in order to derive meaning. 
Because data usually do not speak for them-
selves, scientists use a range of tools—including 
tabulation, graphical interpretation, visualization, 
and statistical analysis—to identify the signifi-
cant features and patterns in the data. Sources 
of error are identified and the degree of certainty 
calculated. Modern technology makes the collec-
tion of large data sets much easier, thus provid-
ing many secondary sources for analysis.

Engineers analyze data collected in the tests of 
their designs and investigations; this allows them 
to compare different solutions and determine how 
well each one meets specific design criteria—that 
is, which design best solves the problem within the 
given constraints. Like scientists, engineers require 
a range of tools to identify the major patterns and 
interpret the results. 

5. Using Mathematics and Computational Thinking

In science, mathematics and computation 
are fundamental tools for representing physi-
cal variables and their relationships. They are 
used for a range of tasks, such as constructing 
simulations, statistically analyzing data, and rec-
ognizing, expressing, and applying quantitative 
relationships. Mathematical and computational 
approaches enable predictions of the behavior of 
physical systems, along with the testing of such 
predictions. Moreover, statistical techniques are 
invaluable for assessing the significance of pat-
terns or correlations. 

In engineering, mathematical and computa-
tional representations of established relationships 
and principles are an integral part of design. For 
example, structural engineers create mathematically 
based analyses of designs to calculate whether they 
can stand up to the expected stresses of use and if 
they can be completed within acceptable budgets. 
Moreover, simulations of designs provide an effective 
test bed for the development of designs and their 
improvement. 
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BOX 3-2 continued

6. Constructing Explanations and Designing Solutions

The goal of science is the construction of theo-
ries that can provide explanatory accounts of 
features of the world. A theory becomes accept-
ed when it has been shown to be superior to 
other explanations in the breadth of phenomena 
it accounts for and in its explanatory coherence 
and parsimony. Scientific explanations are explic-
it applications of theory to a specific situation or 
phenomenon, perhaps with the intermediary of a 
theory-based model for the system under study. 
The goal for students is to construct logically 
coherent explanations of phenomena that incor-
porate their current understanding of science, 
or a model that represents it, and are consistent 
with the available evidence.

Engineering design, a systematic process for 
solving engineering problems, is based on scien-
tific knowledge and models of the material world. 
Each proposed solution results from a process of 
balancing competing criteria of desired functions, 
technological feasibility, cost, safety, esthetics, and 
compliance with legal requirements. There is usually 
no single best solution but rather a range of solu-
tions. Which one is the optimal choice depends on 
the criteria used for making evaluations.

7. Engaging in Argument from Evidence

In science, reasoning and argument are 
essential for identifying the strengths and weak-
nesses of a line of reasoning and for finding 
the best explanation for a natural phenomenon. 
Scientists must defend their explanations, for-
mulate evidence based on a solid foundation of 
data, examine their own understanding in light 
of the evidence and comments offered by oth-
ers, and collaborate with peers in searching for 
the best explanation for the phenomenon being 
investigated.

In engineering, reasoning and argument are 
essential for finding the best possible solution to 
a problem. Engineers collaborate with their peers 
throughout the design process, with a critical stage 
being the selection of the most promising solution 
among a field of competing ideas. Engineers use 
systematic methods to compare alternatives, formu-
late evidence based on test data, make arguments 
from evidence to defend their conclusions, evaluate 
critically the ideas of others, and revise their designs 
in order to achieve the best solution to the problem 
at hand. 

DISTINGUISHING PRACTICES IN SCIENCE FROM THOSE IN ENGINEERING
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8. Obtaining, Evaluating, and Communicating Information

Science cannot advance if scientists are 
unable to communicate their findings clearly 
and persuasively or to learn about the findings 
of others. A major practice of science is thus 
the communication of ideas and the results of 
inquiry—orally, in writing, with the use of tables, 
diagrams, graphs, and equations, and by engag-
ing in extended discussions with scientific peers. 
Science requires the ability to derive meaning 
from scientific texts (such as papers, the Internet, 
symposia, and lectures), to evaluate the scientific 
validity of the information thus acquired, and to 
integrate that information.

Engineers cannot produce new or improved tech-
nologies if the advantages of their designs are not 
communicated clearly and persuasively. Engineers 
need to be able to express their ideas, orally and in 
writing, with the use of tables, graphs, drawings, or 
models and by engaging in extended discussions 
with peers. Moreover, as with scientists, they need 
to be able to derive meaning from colleagues’ texts, 
evaluate the information, and apply it usefully. In 
engineering and science alike, new technologies are 
now routinely available that extend the possibilities 
for collaboration and communication.
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Practice 1 Asking Questions and Defining Problems

Questions are the engine that drive science and engineering. 
 
Science asks

• What exists and what happens?

• Why does it happen?

• How does one know? 

Engineering asks 

• What can be done to address a particular human need or want?

• How can the need be better specified?

•  What tools and technologies are available, or could be developed, for 
addressing this need?

Both science and engineering ask

•  How does one communicate about phenomena, evidence, explanations, 
and design solutions? 

Asking questions is essential to developing scientific habits of mind. Even 
for individuals who do not become scientists or engineers, the ability to ask well-
defined questions is an important component of science literacy, helping to make 
them critical consumers of scientific knowledge. 

Scientific questions arise in a variety of ways. They can be driven by curios-
ity about the world (e.g., Why is the sky blue?). They can be inspired by a model’s 
or theory’s predictions or by attempts to extend or refine a model or theory (e.g., 
How does the particle model of matter explain the incompressibility of liquids?). 
Or they can result from the need to provide better solutions to a problem. For 
example, the question of why it is impossible to siphon water above a height of 32 
feet led Evangelista Torricelli (17th-century inventor of the barometer) to his dis-
coveries about the atmosphere and the identification of a vacuum. 

Questions are also important in engineering. Engineers must be able to ask 
probing questions in order to define an engineering problem. For example, they 
may ask: What is the need or desire that underlies the problem? What are the 
criteria (specifications) for a successful solution? What are the constraints? Other 
questions arise when generating possible solutions: Will this solution meet the 
design criteria? Can two or more ideas be combined to produce a better solution? 
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What are the possible trade-offs? And more questions arise when testing solutions: 
Which ideas should be tested? What evidence is needed to show which idea is 
optimal under the given constraints?

The experience of learning science and engineering should therefore develop 
students’ ability to ask—and indeed, encourage them to ask—well-formulated 
questions that can be investigated empirically. Students also need to recognize the 
distinction between questions that can be answered empirically and those that are 
answerable only in other domains of knowledge or human experience. 

GOALS

By grade 12, students should be able to

• Ask questions about the natural and human-built worlds—for example: Why 
are there seasons? What do bees do? Why did that structure collapse? How 
is electric power generated?

• Distinguish a scientific question (e.g., Why do helium balloons rise?) from a 
nonscientific question (Which of these colored balloons is the prettiest?).

• Formulate and refine questions that can be answered empirically in a sci-
ence classroom and use them to design an inquiry or construct a pragmatic 
solution.

• Ask probing questions that seek to identify the premises of an argument, 
request further elaboration, refine a research question or engineering prob-
lem, or challenge the interpretation of a data set—for example: How do you 
know? What evidence supports that argument?

• Note features, patterns, or contradictions in observations and ask questions 
about them.

• For engineering, ask questions about the need or desire to be met in order to 
define constraints and specifications for a solution.

❚ Students at any grade level should be able to ask questions of each 

other about the texts they read, the features of the phenomena they 

observe, and the conclusions they draw from their models or scientific 

investigations. ❚
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PROGRESSION

Students at any grade level should be able to ask questions of each other about the 
texts they read, the features of the phenomena they observe, and the conclusions 
they draw from their models or scientific investigations. For engineering, they 
should ask questions to define the problem to be solved and to elicit ideas that 
lead to the constraints and specifications for its solution. As they progress across 
the grades, their questions should become more relevant, focused, and sophisti-
cated. Facilitating such evolution will require a classroom culture that respects and 
values good questions, that offers students opportunities to refine their questions 
and questioning strategies, and that incorporates the teaching of effective ques-
tioning strategies across all grade levels. As a result, students will become increas-
ingly proficient at posing questions that request relevant empirical evidence; that 
seek to refine a model, an explanation, or an engineering problem; or that chal-
lenge the premise of an argument or the suitability of a design.

Practice 2 Developing and Using Models

Scientists construct mental and conceptual models of phenomena. Mental models 
are internal, personal, idiosyncratic, incomplete, unstable, and essentially function-
al. They serve the purpose of being a tool for thinking with, making predictions, 
and making sense of experience. Conceptual models, the focus of this section, are, 
in contrast, explicit representations that are in some ways analogous to the phe-
nomena they represent. Conceptual models allow scientists and engineers to better 
visualize and understand a phenomenon under investigation or develop a possible 
solution to a design problem. Used in science and engineering as either structural, 
functional, or behavioral analogs, albeit simplified, conceptual models include dia-
grams, physical replicas, mathematical representations, analogies, and computer 
simulations. Although they do not correspond exactly to the more complicated 
entity being modeled, they do bring certain features into focus while minimizing 
or obscuring others. Because all models contain approximations and assumptions 
that limit the range of validity of their application and the precision of their pre-
dictive power, it is important to recognize their limitations.

Conceptual models are in some senses the external articulation of the men-
tal models that scientists hold and are strongly interrelated with mental models. 
Building an understanding of models and their role in science helps students to 
construct and revise mental models of phenomena. Better mental models, in turn, 
lead to a deeper understanding of science and enhanced scientific reasoning.
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Scientists use models (from here on, for the sake of simplicity, we use the 
term “models” to refer to conceptual models rather than mental models) to repre-
sent their current understanding of a system (or parts of a system) under study, to 
aid in the development of questions and explanations, and to communicate ideas 

to others [13]. Some of the models 
used by scientists are mathemati-
cal; for example, the ideal gas law 
is an equation derived from the 
model of a gas as a set of point 
masses engaged in perfectly elastic 
collisions with each other and the 
walls of the container—which is 
a simplified model based on the 
atomic theory of matter. For more 
complex systems, mathematical 
representations of physical systems 
are used to create computer simu-
lations, which enable scientists to 
predict the behavior of otherwise 
intractable systems—for example, 
the effects of increasing atmo-

spheric levels of carbon dioxide on agriculture in different regions of the world. 
Models can be evaluated and refined through an iterative cycle of comparing their 
predictions with the real world and then adjusting them, thereby potentially yield-
ing insights into the phenomenon being modeled. 

Engineering makes use of models to analyze existing systems; this allows 
engineers to see where or under what conditions flaws might develop or to test 
possible solutions to a new problem. Engineers also use models to visualize a 
design and take it to a higher level of refinement, to communicate a design’s fea-
tures to others, and as prototypes for testing design performance. Models, particu-
larly modern computer simulations that encode relevant physical laws and proper-
ties of materials, can be especially helpful both in realizing and testing designs for 
structures, such as buildings, bridges, or aircraft, that are expensive to construct 
and that must survive extreme conditions that occur only on rare occasions. Other 
types of engineering problems also benefit from use of specialized computer-based 
simulations in their design and testing phases. But as in science, engineers who use 
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models must be aware of their intrinsic limitations and test them against known 
situations to ensure that they are reliable.

GOALS

By grade 12, students should be able to

• Construct drawings or diagrams as representations of events or systems—for 
example, draw a picture of an insect with labeled features, represent what 
happens to the water in a puddle as it is warmed by the sun, or represent 
a simple physical model of a real-world object and use it as the basis of an 
explanation or to make predictions about how the system will behave in 
specified circumstances.

• Represent and explain phenomena with multiple types of models—for exam-
ple, represent molecules with 3-D models or with bond diagrams—and move 
flexibly between model types when different ones are most useful for differ-
ent purposes.

• Discuss the limitations and precision of a model as the representation of a 
system, process, or design and suggest ways in which the model might be 
improved to better fit available evidence or better reflect a design’s specifica-
tions. Refine a model in light of empirical evidence or criticism to improve 
its quality and explanatory power.

• Use (provided) computer simulations or simulations developed with simple 
simulation tools as a tool for understanding and investigating aspects of a 
system, particularly those not readily visible to the naked eye.

• Make and use a model to test a design, or aspects of a design, and to com-
pare the effectiveness of different design solutions.

PROGRESSION 

Modeling can begin in the earliest grades, with students’ models progressing from 
concrete “pictures” and/or physical scale models (e.g., a toy car) to more abstract 
representations of relevant relationships in later grades, such as a diagram repre-
senting forces on a particular object in a system. Students should be asked to use 
diagrams, maps, and other abstract models as tools that enable them to elaborate 
on their own ideas or findings and present them to others [15]. Young students 
should be encouraged to devise pictorial and simple graphical representations of 
the findings of their investigations and to use these models in developing their 
explanations of what occurred. 
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More sophisticated types of models should increasingly be used across the 
grades, both in instruction and curriculum materials, as students progress through 
their science education. The quality of a student-developed model will be highly 
dependent on prior knowledge and skill and also on the student’s understand-
ing of the system being modeled, so students should be expected to refine their 
models as their understanding develops. Curricula will need to stress the role of 
models explicitly and provide students with modeling tools (e.g., Model-It, agent-
based modeling such as NetLogo, spreadsheet models), so that students come to 
value this core practice and develop a level of facility in constructing and applying 
appropriate models.

Practice 3 Planning and Carrying Out Investigations

Scientists and engineers investigate and observe the world with essentially two 
goals: (1) to systematically describe the world and (2) to develop and test theories 
and explanations of how the world works. In the first, careful observation and 
description often lead to identification of features that need to be explained or 
questions that need to be explored. 

The second goal requires investigations to test explanatory models of the 
world and their predictions and whether the inferences suggested by these mod-
els are supported by data. Planning and designing such investigations require the 
ability to design experimental or observational inquiries that are appropriate to 
answering the question being asked or testing a hypothesis that has been formed. 
This process begins by identifying the relevant variables and considering how they 
might be observed, measured, and controlled (constrained by the experimental 
design to take particular values). 

Planning for controls is an important part of the design of an investigation. 
In laboratory experiments, it is critical to decide which variables are to be treated 
as results or outputs and thus left to vary at will and which are to be treated as 
input conditions and hence controlled. In many cases, particularly in the case of 
field observations, such planning involves deciding what can be controlled and 
how to collect different samples of data under different conditions, even though 
not all conditions are under the direct control of the investigator.

Decisions must also be made about what measurements should be taken, 
the level of accuracy required, and the kinds of instrumentation best suited to 
making such measurements. As in other forms of inquiry, the key issue is one 
of precision—the goal is to measure the variable as accurately as possible and 
reduce sources of error. The investigator must therefore decide what constitutes 
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a sufficient level of precision and what techniques can be used to reduce both 
random and systematic error.

GOALS

By grade 12, students should be able to 

• Formulate a question that can be investigated within the scope of the class-
room, school laboratory, or field with available resources and, when appro-
priate, frame a hypothesis (that is, a possible explanation that predicts a 
particular and stable outcome) based on a model or theory.

• Decide what data are to be gathered, what tools are needed to do the gather-
ing, and how measurements will be recorded. 

• Decide how much data are needed to produce reliable measurements and 
consider any limitations on the precision of the data.

• Plan experimental or field-research procedures, identifying relevant indepen-
dent and dependent variables and, when appropriate, the need for controls.

• Consider possible confounding variables or effects and ensure that the inves-
tigation’s design has controlled for them.

PROGRESSION

Students need opportunities to design investigations so that they can learn the 
importance of such decisions as what to measure, what to keep constant, and how 
to select or construct data collection instruments that are appropriate to the needs 
of an inquiry. They also need experiences that help them recognize that the labora-
tory is not the sole domain for legitimate scientific inquiry and that, for many sci-
entists (e.g., earth scientists, ethologists, ecologists), the “laboratory” is the natural 
world where experiments are conducted and data are collected in the field. 

In the elementary years, students’ experiences should be structured to help 
them learn to define the features to be investigated, such as patterns that sug-
gest causal relationships (e.g., What features of a ramp affect the speed of a given 
ball as it leaves the ramp?). The plan of the investigation, what trials to make 
and how to record information about them, then needs to be refined iteratively 
as students recognize from their experiences the limitations of their original plan. 
These investigations can be enriched and extended by linking them to engineer-
ing design projects—for example, how can students apply what they have learned 
about ramps to design a track that makes a ball travel a given distance, go around 
a loop, or stop on an uphill slope. From the earliest grades, students should have 
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opportunities to carry out careful and systematic investigations, with appropri-
ately supported prior experiences that develop their ability to observe and measure 
and to record data using appropriate tools and instruments.

Students should have opportunities to plan and carry out several different 
kinds of investigations during their K-12 years. At all levels, they should engage in 
investigations that range from those structured by the teacher—in order to expose 
an issue or question that they would be unlikely to explore on their own (e.g., mea-
suring specific properties of materials)—to those that emerge from students’ own 

questions. As they become more 
sophisticated, students also should 
have opportunities not only to iden-
tify questions to be researched but 
also to decide what data are to be 
gathered, what variables should be 
controlled, what tools or instruments 
are needed to gather and record data 
in an appropriate format, and eventu-
ally to consider how to incorporate 
measurement error in analyzing data. 

Older students should be 
asked to develop a hypothesis that 
predicts a particular and stable out-

come and to explain their reasoning and justify their choice. By high school, any 
hypothesis should be based on a well-developed model or theory. In addition, 
students should be able to recognize that it is not always possible to control 
variables and that other methods can be used in such cases—for example, look-
ing for correlations (with the understanding that correlations do not necessarily 
imply causality).

Practice 4 Analyzing and Interpreting Data

Once collected, data must be presented in a form that can reveal any patterns and 
relationships and that allows results to be communicated to others. Because raw 
data as such have little meaning, a major practice of scientists is to organize and 
interpret data through tabulating, graphing, or statistical analysis. Such analysis 
can bring out the meaning of data—and their relevance—so that they may be used 
as evidence. 
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Engineers, too, make decisions based on evidence that a given design will 
work; they rarely rely on trial and error. Engineers often analyze a design by 
creating a model or prototype and collecting extensive data on how it performs, 
including under extreme conditions. Analysis of this kind of data not only informs 
design decisions and enables the prediction or assessment of performance but also 
helps define or clarify problems, determine economic feasibility, evaluate alterna-
tives, and investigate failures. 

Spreadsheets and databases provide useful ways of organizing data, especial-
ly large data sets. The identification of relationships in data is aided by a range of 
tools, including tables, graphs, and mathematics. Tables permit major features of 
a large body of data to be summarized in a conveniently accessible form, graphs 
offer a means of visually summarizing data, and mathematics is essential for 
expressing relationships between different variables in the data set (see Practice 5 
for further discussion of mathematics). Modern computer-based visualization tools 
often allow data to be displayed in varied forms and thus for learners to engage 
interactively with data in their analyses. In addition, standard statistical techniques 
can help to reduce the effect of error in relating one variable to another. 

Students need opportunities to analyze large data sets and identify correla-
tions. Increasingly, such data sets—involving temperature, pollution levels, and 
other scientific measurements—are available on the Internet. Moreover, informa-
tion technology enables the capture of data beyond the classroom at all hours of 
the day. Such data sets extend the range of students’ experiences and help to illu-
minate this important practice of analyzing and interpreting data.

GOALS

By grade 12, students should be able to

• Analyze data systematically, either to look for salient patterns or to test 
whether data are consistent with an initial hypothesis. 

• Recognize when data are in conflict with expectations and consider what 
revisions in the initial model are needed.

❚ Once collected, data must be presented in a form that can reveal any 

patterns and relationships and that allows results to be communicated  

to others. ❚
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• Use spreadsheets, databases, tables, charts, graphs, statistics, mathemat-
ics, and information and computer technology to collate, summarize, and 
display data and to explore relationships between variables, especially those 
representing input and output. 

• Evaluate the strength of a conclusion that can be inferred from any data set, 
using appropriate grade-level mathematical and statistical techniques. 

• Recognize patterns in data that suggest relationships worth investigating fur-
ther. Distinguish between causal and correlational relationships.

• Collect data from physical models and analyze the performance of a design 
under a range of conditions.

PROGRESSION

At the elementary level, students need support to recognize the need to record 
observations—whether in drawings, words, or numbers—and to share them with 
others. As they engage in scientific inquiry more deeply, they should begin to col-
lect categorical or numerical data for presentation in forms that facilitate interpre-
tation, such as tables and graphs. When feasible, computers and other digital tools 
should be introduced as a means of enabling this practice. 

In middle school, students should have opportunities to learn standard tech-
niques for displaying, analyzing, and interpreting data; such techniques include 
different types of graphs, the identification of outliers in the data set, and averag-
ing to reduce the effects of measurement error. Students should also be asked to 
explain why these techniques are needed.

As students progress through various science classes in high school and 
their investigations become more complex, they need to develop skill in additional 
techniques for displaying and analyzing data, such as x-y scatterplots or cross-
tabulations to express the relationship between two variables. Students should be 
helped to recognize that they may need to explore more than one way to display 
their data in order to identify and present significant features. They also need 
opportunities to use mathematics and statistics to analyze features of data such as 
covariation. Also at the high school level, students should have the opportunity to 
use a greater diversity of samples of scientific data and to use computers or other 
digital tools to support this kind of analysis.

Students should be expected to use some of these same techniques in engi-
neering as well. When they do so, it is important that they are made cognizant of 
the purpose of the exercise—that any data they collect and analyze are intended to 
help validate or improve a design or decide on an optimal solution.
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Practice 5 Using Mathematics and Computational Thinking

Mathematics and computational tools are central to science and engineering. 
Mathematics enables the numerical representation of variables, the symbolic rep-
resentation of relationships between physical entities, and the prediction of out-
comes. Mathematics provides powerful models for describing and predicting such 

phenomena as atomic structure, gravita-
tional forces, and quantum mechanics.

Since the mid-20th century, computa-
tional theories, information and computer 
technologies, and algorithms have revolu-
tionized virtually all scientific and engineer-
ing fields. These tools and strategies allow 
scientists and engineers to collect and ana-
lyze large data sets, search for distinctive 
patterns, and identify relationships and sig-
nificant features in ways that were previ-
ously impossible. They also provide pow-
erful new techniques for employing math-
ematics to model complex phenomena—

for example, the circulation of carbon dioxide in the atmosphere and ocean.
Mathematics and computation can be powerful tools when brought to 

bear in a scientific investigation. Mathematics serves pragmatic functions as a 
tool—both a communicative function, as one of the languages of science, and 
a structural function, which allows for logical deduction. Mathematics enables 
ideas to be expressed in a precise form and enables the identification of new ideas 
about the physical world. For example, the concept of the equivalence of mass 
and energy emerged from the mathematical analysis conducted by Einstein, based 
on the premises of special relativity. The contemporary understanding of electro-
magnetic waves emerged from Maxwell’s mathematical analysis of the behavior of 
electric and magnetic fields. Modern theoretical physics is so heavily imbued with 
mathematics that it would make no sense to try to divide it into mathematical and 
nonmathematical parts. In much of modern science, predictions and inferences 
have a probabilistic nature, so understanding the mathematics of probability and 
of statistically derived inferences is an important part of understanding science. 

Computational tools enhance the power of mathematics by enabling cal-
culations that cannot be carried out analytically. For example, they allow the 
development of simulations, which combine mathematical representations of 
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multiple underlying phenomena to model the dynamics of a complex system. 
Computational methods are also potent tools for visually representing data, and 
they can show the results of calculations or simulations in ways that allow the 
exploration of patterns. 

Engineering, too, involves mathematical and computational skills. For exam-
ple, structural engineers create mathematical models of bridge and building designs, 
based on physical laws, to test their performance, probe their structural limits, and 
assess whether they can be completed within acceptable budgets. Virtually any engi-
neering design raises issues that require computation for their resolution.

Although there are differences in how mathematics and computational 
thinking are applied in science and in engineering, mathematics often brings these 
two fields together by enabling engineers to apply the mathematical form of scien-
tific theories and by enabling scientists to use powerful information technologies 
designed by engineers. Both kinds of professionals can thereby accomplish investi-
gations and analyses and build complex models, which might otherwise be out of 
the question. 

Mathematics (including statistics) and computational tools are essential 
for data analysis, especially for large data sets. The abilities to view data from 
different perspectives and with different graphical representations, to test rela-
tionships between variables, and to explore the interplay of diverse external 
conditions all require mathematical skills that are enhanced and extended with 
computational skills. 

GOALS

By grade 12, students should be able to

• Recognize dimensional quantities and use appropriate units in scientific 
applications of mathematical formulas and graphs. 

• Express relationships and quantities in appropriate mathematical or algorith-
mic forms for scientific modeling and investigations.

❚ Increasing students’ familiarity with the role of mathematics in 

science is central to developing a deeper understanding of how 

science works. ❚
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• Recognize that computer simulations are built on mathematical models that 
incorporate underlying assumptions about the phenomena or systems being 
studied. 

• Use simple test cases of mathematical expressions, computer programs, or 
simulations—that is, compare their outcomes with what is known about the 
real world—to see if they “make sense.” 

• Use grade-level-appropriate understanding of mathematics and statistics in 
analyzing data.

PROGRESSION

Increasing students’ familiarity with the role of mathematics in science is central 
to developing a deeper understanding of how science works. As soon as students 
learn to count, they can begin using numbers to find or describe patterns in 
nature. At appropriate grade levels, they should learn to use such instruments as 
rulers, protractors, and thermometers for the measurement of variables that are 
best represented by a continuous numerical scale, to apply mathematics to inter-
polate values, and to identify features—such as maximum, minimum, range, aver-
age, and median—of simple data sets.

A significant advance comes when relationships are expressed using equali-
ties first in words and then in algebraic symbols—for example, shifting from dis-
tance traveled equals velocity multiplied by time elapsed to s = vt. Students should 
have opportunities to explore how such symbolic representations can be used to 
represent data, to predict outcomes, and eventually to derive further relationships 
using mathematics. Students should gain experience in using computers to record 
measurements taken with computer-connected probes or instruments, thereby rec-
ognizing how this process allows multiple measurements to be made rapidly and 
recurrently. Likewise, students should gain experience in using computer programs 
to transform their data between various tabular and graphical forms, thereby aid-
ing in the identification of patterns. 

Students should thus be encouraged to explore the use of computers for 
data analysis, using simple data sets, at an early age. For example, they could 
use spreadsheets to record data and then perform simple and recurring calcula-
tions from those data, such as the calculation of average speed from measure-
ments of positions at multiple times. Later work should introduce them to the 
use of mathematical relationships to build simple computer models, using 
appropriate supporting programs or information and computer technology tools. 
As students progress in their understanding of mathematics and computation, at 
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every level the science classroom should be a place where these tools are pro-
gressively exploited.

Practice 6 Constructing Explanations and Designing Solutions

Because science seeks to enhance human understanding of the world, scientific 
theories are developed to provide explanations aimed at illuminating the nature 
of particular phenomena, predicting future events, or making inferences about 
past events. Science has developed explanatory theories, such as the germ theory 
of disease, the Big Bang theory of the origin of the universe, and Darwin’s the-
ory of the evolution of species. Although their role is often misunderstood—the 
informal use of the word “theory,” after all, can mean a guess—scientific theo-
ries are constructs based on significant bodies of knowledge and evidence, are 
revised in light of new evidence, and must withstand significant scrutiny by the 
scientific community before they are widely accepted and applied. Theories are 
not mere guesses, and they are especially valued because they provide explana-
tions for multiple instances. 

In science, the term “hypothesis” is also used differently than it is in every-
day language. A scientific hypothesis is neither a scientific theory nor a guess; it is 
a plausible explanation for an observed phenomenon that can predict what will 
happen in a given situation. A hypothesis is made based on existing theoretical 
understanding relevant to the situation and often also on a specific model for the 
system in question. 

Scientific explanations are accounts that link scientific theory with spe-
cific observations or phenomena—for example, they explain observed relation-
ships between variables and describe the mechanisms that support cause and 
effect inferences about them. Very often the theory is first represented by a 
specific model for the situation in question, and then a model-based explana-
tion is developed. For example, if one understands the theory of how oxygen is 
obtained, transported, and utilized in the body, then a model of the circulatory 
system can be developed and used to explain why heart rate and breathing rate 
increase with exercise. 

❚ Scientific theories are developed to provide explanations aimed at 

illuminating the nature of particular phenomena, predicting future events, 

or making inferences about past events. ❚
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Engaging students with standard scientific explanations of the world—
helping them to gain an understanding of the major ideas that science has devel-
oped—is a central aspect of science education. Asking students to demonstrate 
their own understanding of the implications of a scientific idea by developing 
their own explanations of phenomena, whether based on observations they 
have made or models they have developed, engages them in an essential part 
of the process by which conceptual change can occur. Explanations in science 
are a natural for such pedagogical uses, given their inherent appeals to simplic-
ity, analogy, and empirical data (which may even be in the form of a thought 
experiment) [26, 27]. And explanations are especially valuable for the classroom 
because of, rather than in spite of, the fact that there often are competing expla-
nations offered for the same phenomenon—for example, the recent gradual rise 
in the mean surface temperature on Earth. Deciding on the best explanation is 
a matter of argument that is resolved by how well any given explanation fits 
with all available data, how much it simplifies what would seem to be complex, 
and whether it produces a 
sense of understanding.

Because scientists 
achieve their own under-
standing by building 
theories and theory-based 
explanations with the aid 
of models and represen-
tations and by drawing 
on data and evidence, 
students should also 
develop some facility in 
constructing model- or 
evidence-based explana-
tions. This is an essential 
step in building their own 
understanding of phenomena, in gaining greater appreciation of the explana-
tory power of the scientific theories that they are learning about in class, and in 
acquiring greater insight into how scientists operate. 

In engineering, the goal is a design rather than an explanation. The process 
of developing a design is iterative and systematic, as is the process of developing 
an explanation or a theory in science. Engineers’ activities, however, have elements 
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that are distinct from those of scientists. These elements include specifying con-
straints and criteria for desired qualities of the solution, developing a design plan, 
producing and testing models or prototypes, selecting among alternative design 
features to optimize the achievement of design criteria, and refining design ideas 
based on the performance of a prototype or simulation. 

GOALS

By grade 12, students should be able to

• Construct their own explanations of phenomena using their knowledge of 
accepted scientific theory and linking it to models and evidence.

• Use primary or secondary scientific evidence and models to support or refute 
an explanatory account of a phenomenon.

• Offer causal explanations appropriate to their level of scientific knowledge.

• Identify gaps or weaknesses in explanatory accounts (their own or those of 
others).

In their experience of engineering, students should have the opportunity to

• Solve design problems by appropriately applying their scientific knowledge.

• Undertake design projects, engaging in all steps of the design cycle and pro-
ducing a plan that meets specific design criteria.

• Construct a device or implement a design solution.

• Evaluate and critique competing design solutions based on jointly developed 
and agreed-on design criteria.

PROGRESSION FOR EXPLANATION

Early in their science education, students need opportunities to engage in con-
structing and critiquing explanations. They should be encouraged to develop 
explanations of what they observe when conducting their own investigations and 
to evaluate their own and others’ explanations for consistency with the evidence. 
For example, observations of the owl pellets they dissect should lead them to 
produce an explanation of owls’ eating habits based on inferences made from 
what they find.

As students’ knowledge develops, they can begin to identify and isolate 
variables and incorporate the resulting observations into their explanations of 
phenomena. Using their measurements of how one factor does or does not affect 
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another, they can develop causal accounts to explain what they observe. For 
example, in investigating the conditions under which plants grow fastest, they may 
notice that the plants die when kept in the dark and seek to develop an explana-
tion for this finding. Although the explanation at this level may be as simple as 
“plants die in the dark because they need light in order to live and grow,” it pro-
vides a basis for further questions and deeper understanding of how plants utilize 
light that can be developed in later grades. On the basis of comparison of their 
explanation with their observations, students can appreciate that an explanation 
such as “plants need light to grow” fails to explain why they die when no water 
is provided. They should be encouraged to revisit their initial ideas and produce 
more complete explanations that account for more of their observations. 

By the middle grades, students recognize that many of the explanations 
of science rely on models or representations of entities that are too small to 
see or too large to visualize. For example, explaining why the temperature of 
water does not increase beyond 100°C when heated requires students to envis-
age water as consisting of microscopic particles and that the energy provided by 
heating can allow fast-moving particles to escape despite the force of attraction 
holding the particles together. In the later stages of their education, students 
should also progress to using mathematics or simulations to construct an expla-
nation for a phenomenon. 

PROGRESSION FOR DESIGN

In some ways, children are natural engineers. They spontaneously build sand cas-
tles, dollhouses, and hamster enclosures, and they use a variety of tools and mate-
rials for their own playful purposes. Thus a common elementary school activity is 
to challenge children to use tools and materials provided in class to solve a specific 
challenge, such as constructing a bridge from paper and tape and testing it until 
failure occurs. Children’s capabilities to design structures can then be enhanced by 
having them pay attention to points of failure and asking them to create and test 
redesigns of the bridge so that it is stronger. Furthermore, design activities should 
not be limited just to structural engineering but should also include projects that 
reflect other areas of engineering, such as the need to design a traffic pattern for 
the school parking lot or a layout for planting a school garden box.

In middle school, it is especially beneficial to engage students in engineer-
ing design projects in which they are expected to apply what they have recently 
learned in science—for example, using their now-familiar concepts of ecology to 
solve problems related to a school garden. Middle school students should also 
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have opportunities to plan and carry out full engineering design projects in which 
they define problems in terms of criteria and constraints, research the problem to 
deepen their relevant knowledge, generate and test possible solutions, and refine 
their solutions through redesign.

At the high school level, students can undertake more complex engineering 
design projects related to major local, national or global issues. Increased empha-
sis should be placed on researching the nature of the given problems, on reviewing 
others’ proposed solutions, on weighing the strengths and weaknesses of various 
alternatives, and on discerning possibly unanticipated effects.

Practice 7 Engaging in Argument from Evidence

Whether they concern new theories, proposed explanations of phenomena, novel 
solutions to technological problems, or fresh interpretations of old data, scientists 
and engineers use reasoning and argumentation to make their case. In science, the 
production of knowledge is dependent on a process of reasoning that requires a 
scientist to make a justified claim about the world. In response, other scientists 
attempt to identify the claim’s weaknesses and limitations. Their arguments can be 
based on deductions from premises, on inductive generalizations of existing pat-
terns, or on inferences about the best possible explanation. Argumentation is also 
needed to resolve questions involving, for example, the best experimental design, 
the most appropriate techniques of data analysis, or the best interpretation of a 
given data set. 

In short, science is replete with arguments that take place both informally, in 
lab meetings and symposia, and formally, in peer review. Historical case studies of 
the origin and development of a scientific idea show how a new idea is often dif-
ficult to accept and has to be argued for—archetypal examples are the Copernican 
idea that Earth travels around the sun and Darwin’s ideas about the origin of spe-
cies. Over time, ideas that survive critical examination even in the light of new 
data attain consensual acceptance in the community, and by this process of dis-
course and argument science maintains its objectivity and progress [28].

The knowledge and ability to detect “bad science” [29, 30] are requirements 
both for the scientist and the citizen. Scientists must make critical judgments about 
their own work and that of their peers, and the scientist and the citizen alike must 
make evaluative judgments about the validity of science-related media reports 
and their implications for people’s own lives and society [30]. Becoming a critical 
consumer of science is fostered by opportunities to use critique and evaluation to 
judge the merits of any scientifically based argument.
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In engineering, reasoning and argument are essential to finding the best 
possible solution to a problem. At an early design stage, competing ideas must 
be compared (and possibly combined) to achieve an initial design, and the 
choices are made through argumentation about the merits of the various ideas 
pertinent to the design goals. At a later stage in the design process, engineers 
test their potential solution, collect data, and modify their design in an itera-
tive manner. The results of such efforts are often presented as evidence to argue 
about the strengths and weaknesses of a particular design. Although the forms 
of argumentation are similar, the criteria employed in engineering are often quite 
different from those of science. For example, engineers might use cost-benefit 
analysis, an analysis of risk, an appeal to aesthetics, or predictions about market 
reception to justify why one design is better than another—or why an entirely 
different course of action should be followed. 

GOALS

By grade 12, students should be able to

• Construct a scientific argument showing how data support a claim.

• Identify possible weaknesses in scientific arguments, appropriate to the stu-
dents’ level of knowledge, and discuss them using reasoning and evidence.
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• Identify flaws in their own arguments and modify and improve them in 
response to criticism.

• Recognize that the major features of scientific arguments are claims, data, 
and reasons and distinguish these elements in examples.

• Explain the nature of the controversy in the development of a given scientific 
idea, describe the debate that surrounded its inception, and indicate why one 
particular theory succeeded.

• Explain how claims to knowledge are judged by the scientific community 
today and articulate the merits and limitations of peer review and the need 
for independent replication of critical investigations.

• Read media reports of science or technology in a critical manner so as to 
identify their strengths and weaknesses.

PROGRESSION

The study of science and engineering should produce a sense of the process of 
argument necessary for advancing and defending a new idea or an explanation 
of a phenomenon and the norms for conducting such arguments. In that spirit, 
students should argue for the explanations they construct, defend their inter-
pretations of the associated data, and advocate for the designs they propose. 
Meanwhile, they should learn how to evaluate critically the scientific arguments 
of others and present counterarguments. Learning to argue scientifically offers 
students not only an opportunity to use their scientific knowledge in justifying an 
explanation and in identifying the weaknesses in others’ arguments but also to 
build their own knowledge and understanding. Constructing and critiquing argu-
ments are both a core process of science and one that supports science education, 
as research suggests that interaction with others is the most cognitively effective 
way of learning [31-33].

Young students can begin by constructing an argument for their own 
interpretation of the phenomena they observe and of any data they collect. 
They need instructional support to go beyond simply making claims—that is, to 
include reasons or references to evidence and to begin to distinguish evidence 
from opinion. As they grow in their ability to construct scientific arguments, 
students can draw on a wider range of reasons or evidence, so that their argu-
ments become more sophisticated. In addition, they should be expected to dis-
cern what aspects of the evidence are potentially significant for supporting or 
refuting a particular argument.
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Students should begin learning to critique by asking questions about their 
own findings and those of others. Later, they should be expected to identify pos-
sible weaknesses in either data or an argument and explain why their criticism is 
justified. As they become more adept at arguing and critiquing, they should be 
introduced to the language needed to talk about argument, such as claim, reason, 
data, etc. Exploration of historical episodes in science can provide opportunities 
for students to identify the ideas, evidence, and arguments of professional scien-
tists. In so doing, they should be encouraged to recognize the criteria used to judge 
claims for new knowledge and the formal means by which scientific ideas are 
evaluated today. In particular, they should see how the practice of peer review and 
independent verification of claimed experimental results help to maintain objectiv-
ity and trust in science.

Practice 8 Obtaining, Evaluating, and Communicating Information

Being literate in science and engineering requires the ability to read and under-
stand their literatures [34]. Science and engineering are ways of knowing that 
are represented and communicated by words, diagrams, charts, graphs, images, 
symbols, and mathematics [35]. Reading, interpreting, and producing text* are 
fundamental practices of science in particular, and they constitute at least half of 
engineers’ and scientists’ total working time [36]. 

Even when students have developed grade-level-appropriate reading skills, 
reading in science is often challenging to students for three reasons. First, the 
jargon of science texts is essentially unfamiliar; together with their often exten-
sive use of, for example, the passive voice and complex sentence structure, many 
find these texts inaccessible [37]. Second, science texts must be read so as to 
extract information accurately. Because the precise meaning of each word or 
clause may be important, such texts require a mode of reading that is quite dif-
ferent from reading a novel or even a newspaper. Third, science texts are multi-
modal [38], using a mix of words, diagrams, charts, symbols, and mathematics 
to communicate. Thus understanding science texts requires much more than sim-
ply knowing the meanings of technical terms. 

Communicating in written or spoken form is another fundamental practice of 
science; it requires scientists to describe observations precisely, clarify their thinking, 
and justify their arguments. Because writing is one of the primary means of com-

*The term “text” is used here to refer to any form of communication, from printed text to video 
productions.
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municating in the scientific community, learning how to produce scientific texts is 
as essential to developing an understanding of science as learning how to draw is 
to appreciating the skill of the visual artist. Indeed, the new Common Core State 
Standards for English Language Arts & Literacy in History/Social Studies, Science, 
and Technical Subjects [39] recognize that reading and writing skills are essential to 
science; the formal inclusion in this framework of this science practice reinforces and 
expands on that view. Science simply cannot advance if scientists are unable to com-
municate their findings clearly and persuasively. Communication occurs in a variety 
of formal venues, including peer-reviewed journals, books, conference presenta-
tions, and carefully constructed websites; it occurs as well through informal means, 
such as discussions, email messages, phone calls, and blogs. New technologies have 
extended communicative practices, enabling multidisciplinary collaborations across 
the globe that place even more emphasis on reading and writing. Increasingly, too, 
scientists are required to engage in dialogues with lay audiences about their work, 
which requires especially good communication skills.

Being a critical consumer of science and the products of engineering, whether as 
a lay citizen or a practicing scientist or an engineer, also requires the ability to read or 
view reports about science in the press or on the Internet and to recognize the salient 
science, identify sources of error and methodological flaws, and distinguish observa-
tions from inferences, arguments from explanations, and claims from evidence. All of 
these are constructs learned from engaging in a critical discourse around texts.

Engineering proceeds in a similar manner because engineers need to communi-
cate ideas and find and exchange information—for example, about new techniques 
or new uses of existing tools and materials. As in science, engineering communica-
tion involves not just written and spoken language; many engineering ideas are best 
communicated through sketches, diagrams, graphs, models, and products. Also 
in wide use are handbooks, specific to particular engineering fields, that provide 
detailed information, often in tabular form, on how best to formulate design solu-
tions to commonly encountered engineering tasks. Knowing how to seek and use 
such informational resources is an important part of the engineer’s skill set.

GOALS

By grade 12, students should be able to

• Use words, tables, diagrams, and graphs (whether in hard copy or electroni-
cally), as well as mathematical expressions, to communicate their under-
standing or to ask questions about a system under study.
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• Read scientific and engineering text, including tables, diagrams, and graphs, 
commensurate with their scientific knowledge and explain the key ideas 
being communicated.

• Recognize the major features of scientific and engineering writing and speak-
ing and be able to produce written and illustrated text or oral presentations 
that communicate their own ideas and accomplishments.

• Engage in a critical reading of primary scientific literature (adapted for class-
room use) or of media reports of science and discuss the validity and reliabil-
ity of the data, hypotheses, and conclusions.

PROGRESSION

Any education in science and engineering needs to develop students’ ability to read 
and produce domain-specific text. As such, every science or engineering lesson is 
in part a language lesson, particularly reading and producing the genres of texts 
that are intrinsic to science and engineering. 

Students need sustained practice and support to develop the ability to 
extract the meaning of scientific text from books, media reports, and other forms 
of scientific communication because the form of this text is initially unfamiliar—
expository rather than narrative, often linguistically dense, and reliant on precise 
logical flows. Students should be able to interpret meaning from text, to produce 
text in which written language and diagrams are used to express scientific ideas, 
and to engage in extended discussion about those ideas.

From the very start of their science education, students should be asked to 
engage in the communication of science, especially regarding the investigations they 
are conducting and the observations they are making. Careful description of obser-
vations and clear statement of ideas, with the ability to both refine a statement in 
response to questions and to ask questions of others to achieve clarification of what 
is being said begin at the earliest grades. Beginning in upper elementary and middle 
school, the ability to interpret written materials becomes more important. Early 
work on reading science texts should also include explicit instruction and practice 
in interpreting tables, diagrams, and charts and coordinating information conveyed 
by them with information in written text. Throughout their science education, stu-
dents are continually introduced to new terms, and the meanings of those terms can 
be learned only through opportunities to use and apply them in their specific con-
texts. Not only must students learn technical terms but also more general academic 
language, such as “analyze” or “correlation,” which are not part of most students’ 
everyday vocabulary and thus need specific elaboration if they are to make sense of 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

Dimension 1: Scientific and Engineering Practices 77

scientific text. It follows that to master the reading of scientific material, students 
need opportunities to engage with such text and to identify its major features; they 
cannot be expected simply to apply reading skills learned elsewhere to master this 
unfamiliar genre effectively. 

Students should write accounts of their work, using journals to record 
observations, thoughts, ideas, and models. They should be encouraged to create 
diagrams and to represent data and observations with plots and tables, as well 
as with written text, in these journals. They should also begin to produce reports 
or posters that present their work to others. As students begin to read and write 
more texts, the particular genres of scientific text—a report of an investigation, 
an explanation with supporting argumentation, an experimental procedure—will 
need to be introduced and their purpose explored. Furthermore, students should 
have opportunities to engage in discussion about observations and explanations 
and to make oral presentations of their results and conclusions as well as to 
engage in appropriate discourse with other students by asking questions and dis-
cussing issues raised in such presentations. Because the spoken language of such 
discussions and presentations is as far from their everyday language as scientific 
text is from a novel, the development both of written and spoken scientific expla-
nation/argumentation needs to proceed in parallel.

In high school, these practices should be further developed by providing 
students with more complex texts and a wider range of text materials, such as 
technical reports or scientific literature on the Internet. Moreover, students need 
opportunities to read and discuss general media reports with a critical eye and to 
read appropriate samples of adapted primary literature [40] to begin seeing how 
science is communicated by science practitioners. 

In engineering, students likewise need opportunities to communicate ideas 
using appropriate combinations of sketches, models, and language. They should 
also create drawings to test concepts and communicate detailed plans; explain and 
critique models of various sorts, including scale models and prototypes; and pres-
ent the results of simulations, not only regarding the planning and development 
stages but also to make compelling presentations of their ultimate solutions.

❚ From the very start of their science education, students should be 

asked to engage in the communication of science, especially regarding the 

investigations they are conducting and the observations they are making. ❚
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REFLECTING ON THE PRACTICES 

Science has been enormously successful in extending humanity’s knowledge 
of the world and, indeed transforming it. Understanding how science has 
achieved this success and the techniques that it uses is an essential part of any 
science education. 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 [41-43]. 
For example, the notion that there is a single scientific method of observation, 
hypothesis, deduction, and conclusion—a myth perpetuated to this day by many 
textbooks—is fundamentally wrong [44]. Scientists do use deductive reasoning, 
but they also search for patterns, classify different objects, make generalizations 
from repeated observations, and engage in a process of making inferences as to 
what might be the best explanation. Thus the picture of scientific reasoning is 
richer, more complex, and more diverse than the image of a linear and unitary 
scientific method would suggest [45]. 

What engages all scientists, however, is a process of critique and argumenta-
tion. Because they examine each other’s ideas and look for flaws, controversy and 
debate among scientists are normal occurrences, neither exceptional nor extraor-
dinary. Moreover, science has established a formal mechanism of peer review for 
establishing the credibility of any individual scientist’s work. The ideas that sur-
vive this process of review and criticism are the ones that become well established 
in the scientific community.

Our view is that the opportunity for students to learn the basic set of prac-
tices outlined in this chapter is also an opportunity to have them stand back and 
reflect on how these practices contribute to the accumulation of scientific knowl-
edge. For example, students need to see that the construction of models is a major 
means of acquiring new understanding; that these models identify key features and 
are akin to a map, rather than a literal representation of reality [13]; and that the 
great achievement of science is a core set of explanatory theories that have wide 
application [46]. 

Understanding how science functions requires a synthesis of content 
knowledge, procedural knowledge, and epistemic knowledge. Procedural knowl-
edge refers to the methods that scientists use to ensure that their findings are 
valid and reliable. It includes an understanding of the importance and appropri-
ate use of controls, double-blind trials, and other procedures (such as methods 
to reduce error) used by science. As such, much of it is specific to the domain 
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and can only be learned within science. Procedural knowledge has also been 
called “concepts of evidence” [47]. 

Epistemic knowledge is knowledge of the constructs and values that are 
intrinsic to science. Students need to understand what is meant, for example, by 
an observation, a hypothesis, an inference, a model, a theory, or a claim and be 
able to readily distinguish between them. 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 
either explain the unexplained, explain more observations, or explain in a simpler 
and more elegant manner. 

Science is replete with ideas that once seemed promising but have not with-
stood the test of time, such as the concept of the “ether” or the vis vitalis (the 
“vital force” of life). Thus any new idea is initially tentative, but over time, as it 
survives repeated testing, it can acquire the status of a fact—a piece of knowledge 
that is unquestioned and uncontested, such as the existence of atoms. Scientists 
use the resulting theories and the models that represent them to explain and pre-
dict causal relationships. When the theory is well tested, its predictions are reli-
able, permitting the application of science to technologies and a wide variety of 
policy decisions. In other words, science is not a miscellany of facts but a coherent 
body of knowledge that has been hard won and that serves as a powerful tool. 

Engagement in modeling and in critical and evidence-based argumentation 
invites and encourages students to reflect on the status of their own knowledge 
and their understanding of how science works. And as they involve themselves 
in the practices of science and come to appreciate its basic nature, their level of 
sophistication in understanding how any given practice contributes to the scientific 
enterprise can continue to develop across all grade levels. 
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Some important themes pervade science, mathematics, and technology and appear over 

and over again, whether we are looking at an ancient civilization, the human body, or a 

comet. They are ideas that transcend disciplinary boundaries and prove fruitful in expla-

nation, in theory, in observation, and in design.

—American Association for the Advancement of Science [1].

In this chapter, we describe concepts that bridge disciplinary boundaries, having 
explanatory value throughout much of science and engineering. These crosscut-
ting concepts were selected for their value across the sciences and in engineer-

ing. These concepts help provide students with an organizational framework for 
connecting knowledge from the various disciplines into a coherent and scientifi-
cally based view of the world. 

Although crosscutting concepts are fundamental to an understanding of sci-
ence and engineering, students have often been expected to build such knowledge 
without any explicit instructional support. Hence the purpose of highlighting them 
as Dimension 2 of the framework is to elevate their role in the development of 
standards, curricula, instruction, and assessments. 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 con-
texts, can help students develop a cumulative, coherent, and usable understanding 
of science and engineering. 

Although we do not specify grade band endpoints for the crosscutting 
concepts, we do lay out a hypothetical progression for each. Like all learning 

Dimension 2
CROSSCUTTING CONCEPTS

4
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in science, students’ facility with addressing these concepts and related topics at 
any particular grade level depends on their prior experience and instruction. The 
research base on learning and teaching the crosscutting concepts is limited. For 
this reason, the progressions we describe should be treated as hypotheses that 
require further empirical investigation.

SEVEN CROSSCUTTING CONCEPTS OF THE FRAMEWORK

The committee identified seven crosscutting scientific and engineering concepts:

1.  Patterns. Observed patterns of forms and events guide organization and 
classification, and they prompt questions about relationships and the fac-
tors that influence them. 

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.

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

4.  Systems and system models. Defining the system under study—specify-
ing its boundaries and making explicit a model of that system—provides 
tools for understanding and testing ideas that are applicable throughout 
science and engineering. 

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. 

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.

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.

This set of crosscutting concepts begins with two concepts that are funda-
mental to the nature of science: that observed patterns can be explained and that 
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science investigates cause-and-effect relationships by seeking the mechanisms that 
underlie them. 

The next concept—scale, proportion, and quantity—concerns the sizes of 
things and the mathematical relationships among disparate elements.

The next four concepts—systems and system models, energy and matter 
flows, structure and function, and stability and change—are interrelated in that 
the first is illuminated by the other three. Each concept also stands alone as one 
that occurs in virtually all areas of science and is an important consideration for 
engineered systems as well. 

The set of crosscutting concepts defined here is similar to those that 
appear in other standards documents, in which they have been called “unifying 
concepts” or “common themes” [2-4]. Regardless of the labels or organizational 
schemes used in these documents, all of them stress that it is important for stu-
dents to come to recognize the concepts common to so many areas of science 
and engineering.

Patterns 

Patterns exist everywhere—in regularly occurring shapes or structures and in 
repeating events and relationships. For example, patterns are discernible in the 
symmetry of flowers and snowflakes, the cycling of the seasons, and the repeated 

base pairs of DNA. Noticing patterns is often a first step to 
organizing and asking scientific questions about why and 
how the patterns occur. 

One major use of pattern recognition is in classifica-
tion, which depends on careful observation of similarities 
and differences; objects can be classified into groups on the 
basis of similarities of visible or microscopic features or on 
the basis of similarities of function. Such classification is 
useful in codifying relationships and organizing a multitude 
of objects or processes into a limited number of groups. 
Patterns of similarity and difference and the resulting clas-
sifications may change, depending on the scale at which a 
phenomenon is being observed. For example, isotopes of a 
given element are different—they contain different numbers 
of neutrons—but from the perspective of chemistry they 

can be classified as equivalent because they have identical patterns of chemical 
interaction. Once patterns and variations have been noted, they lead to questions; 
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scientists seek explanations for observed patterns and for the similarity and diver-
sity within them. Engineers often look for and analyze patterns, too. For example, 
they may diagnose patterns of failure of a designed system under test in order 
to improve the design, or they may analyze patterns of daily and seasonal use of 
power to design a system that can meet the fluctuating needs.

The ways in which data are represented can facilitate pattern recognition 
and lead to the development of a mathematical representation, which can then be 
used as a tool in seeking an underlying explanation for what causes the pattern to 
occur. For example, biologists studying changes in population abundance of sev-
eral different species in an ecosystem can notice the correlations between increases 
and decreases for different species by plotting all of them on the same graph and 
can eventually find a mathematical expression of the interdependences and food-
web relationships that cause these patterns.

Progression

Human beings are good at recognizing patterns; indeed, young children begin to 
recognize patterns in their own lives well before coming to school. They observe, 
for example, that the sun and the moon follow different patterns of appearance 
in the sky. Once they are students, it is important for them to develop ways 
to recognize, classify, and record patterns in the phenomena they observe. For 
example, elementary students can describe and predict the patterns in the sea-
sons of the year; they can observe and record patterns in the similarities and 
differences between parents and their offspring. Similarly, they can investigate 
the characteristics that allow classification of animal types (e.g., mammals, fish, 
insects), of plants (e.g., trees, shrubs, grasses), or of materials (e.g., wood, rock, 
metal, plastic). 

These classifications will become more detailed and closer to scientific 
classifications in the upper elementary grades, when students should also begin 
to analyze patterns in rates of change—for example, the growth rates of plants 
under different conditions. By middle school, students can begin to relate patterns 
to the nature of microscopic and atomic-level structure—for example, they may 
note that chemical molecules contain particular ratios of different atoms. By high 

❚ Scientists seek explanations for observed patterns and for the 

similarity and diversity within them. Engineers often look for and 

analyze patterns, too. ❚
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school, students should recognize that different patterns may be observed at each 
of the scales at which a system is studied. Thus classifications used at one scale 
may fail or need revision when information from smaller or larger scales is intro-
duced (e.g., classifications based on DNA comparisons versus those based on vis-
ible characteristics). 

Cause and Effect: Mechanism and Prediction

Many of the most compelling and productive questions in science are about why 
or how something happens. Any tentative answer, or “hypothesis,” that A causes 
B requires a model for the chain of interactions that connect A and B. For exam-
ple, the notion that diseases can be transmitted by a person’s touch was initially 
treated with skepticism by the medical profession for lack of a plausible mecha-
nism. Today infectious diseases are well understood as being transmitted by the 
passing of microscopic organisms (bacteria or viruses) between an infected person 
and another. A major activity of science is to uncover such causal connections, 
often with the hope that understanding the mechanisms will enable predictions 
and, in the case of infectious diseases, the design of preventive measures, treat-
ments, and cures. 

Repeating patterns in nature, or events that occur together with regular-
ity, are clues that scientists can use to start exploring causal, or cause-and-effect, 
relationships, which pervade all the disciplines of science and at all scales. For 
example, researchers investigate cause-and-effect mechanisms in the motion of 
a single object, specific chemical reactions, population changes in an ecosys-
tem or a society, and the development of holes in the polar ozone layers. Any 
application of science, or any engineered solution to a problem, is dependent on 
understanding the cause-and-effect relationships between events; the quality of 
the application or solution often can be improved as knowledge of the relevant 
relationships is improved.

Identifying cause and effect may seem straightforward in simple cases, such 
as a bat hitting a ball, but in complex systems causation can be difficult to tease 
out. It may be conditional, so that A can cause B only if some other factors are 
in place or within a certain numerical range. For example, seeds germinate and 
produce plants but only when the soil is sufficiently moist and warm. Frequently, 
causation can be described only in a probabilistic fashion—that is, there is some 
likelihood that one event will lead to another, but a specific outcome cannot be 
guaranteed. For example, one can predict the fraction of a collection of identical 
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atoms that will undergo radioactive decay in a certain period but not the exact 
time at which a given atom decays.

One assumption of all science and engineering is that there is a limited and 
universal set of fundamental physical interactions that underlie all known forces 
and hence are a root part of any causal chain, whether in natural or designed sys-
tems. Such “universality” means that the physical laws underlying all processes are 
the same everywhere and at all times; they depend on gravity, electromagnetism, 
or weak and strong nuclear interactions. Underlying all biological processes—the 
inner workings of a cell or even of a brain—are particular physical and chemical 
processes. At the larger scale of biological systems, the universality of life mani-
fests itself in a common genetic code.

Causation invoked to explain larger scale systems must be consistent with 
the implications of what is known about smaller scale processes within the system, 
even though new features may emerge at large scales that cannot be predicted 
from knowledge of smaller scales. For example, although knowledge of atoms is 
not sufficient to predict the genetic code, the replication of genes must be under-
stood as a molecular-level process. Indeed, the ability to model causal processes 
in complex multipart systems arises from this fact; modern computational codes 
incorporate relevant smaller scale relationships into the model of the larger sys-
tem, integrating multiple factors in a way that goes well beyond the capacity of 
the human brain.

In engineering, the goal is to design a system to cause a desired effect, so 
cause-and-effect relationships are as much a part of engineering as of science. 
Indeed, the process of design is a good place to help students begin to think in 
terms of cause and effect, because they must understand the underlying causal 
relationships in order to devise and explain a design that can achieve a speci-
fied objective. 

One goal of instruction about cause and effect is to encourage students to 
see events in the world as having understandable causes, even when these causes 
are beyond human control. The ability to distinguish between scientific causal 
claims and nonscientific causal claims is also an important goal. 

Progression

In the earliest grades, as students begin to look for and analyze patterns—whether 
in their observations of the world or in the relationships between different quanti-
ties in data (e.g., the sizes of plants over time)—they can also begin to consider 
what might be causing these patterns and relationships and design tests that gather 
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more evidence to support or refute their ideas. By the upper elementary grades, 
students should have developed the habit of routinely asking about cause-and-
effect relationships in the systems they are studying, particularly when something 
occurs that is, for them, unexpected. The questions “How did that happen?” or 
“Why did that happen?” should move toward “What mechanisms caused that to 
happen?” and “What conditions were critical for that to happen?”

In middle and high school, argumentation starting from students’ own 
explanations of cause and effect can help them appreciate standard scientific 
theories that explain the causal mechanisms in the systems under study. Strategies 
for this type of instruction include asking students to argue from evidence when 
attributing an observed phenomenon to a specific cause. For example, students 
exploring why the population of a given species is shrinking will look for evidence 
in the ecosystem of factors that lead to food shortages, overpredation, or other 
factors in the habitat related to survival; they will provide an argument for how 
these and other observed changes affect the species of interest.

Scale, Proportion, and Quantity

In thinking scientifically about systems and processes, it is essential to recognize 
that they vary in size (e.g., cells, whales, galaxies), in time span (e.g., nanoseconds, 
hours, millennia), in the amount of energy flowing through them (e.g., lightbulbs, 
power grids, the sun), and in the relationships between the scales of these differ-
ent quantities. The understanding of relative magnitude is only a starting point. 
As noted in Benchmarks for Science Literacy, “The large idea is that the way in 
which things work may change with scale. Different aspects of nature change at 
different rates with changes in scale, and so the relationships among them change, 
too” [4]. Appropriate understanding of scale relationships is critical as well to 
engineering—no structure could be conceived, much less constructed, without the 
engineer’s precise sense of scale.

From a human perspective, one can separate three major scales at which 
to study science: (1) macroscopic scales that are directly observable—that is, 
what one can see, touch, feel, or manipulate; (2) scales that are too small or fast 
to observe directly; and (3) those that are too large or too slow. Objects at the 
atomic scale, for example, may be described with simple models, but the size of 
atoms and the number of atoms in a system involve magnitudes that are difficult 
to imagine. At the other extreme, science deals in scales that are equally dif-
ficult to imagine because they are so large—continents that move, for example, 
and galaxies in which the nearest star is 4 years away traveling at the speed of 
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light. As size scales change, so do time scales. Thus, when considering large enti-
ties such as mountain ranges, one typically needs to consider change that occurs 
over long periods. Conversely, changes in a small-scale system, such as a cell, are 
viewed over much shorter times. However, it is important to recognize that pro-
cesses that occur locally and on short time scales can have long-term and large-
scale impacts as well.

In forming a concept of the very small and the very large, whether in space 
or time, it is important to have a sense not only of relative scale sizes but also of 
what concepts are meaningful at what scale. For example, the concept of solid 
matter is meaningless at the subatomic scale, and the concept that light takes time 
to travel a given distance becomes more important as one considers large distances 
across the universe. 

Understanding scale requires some insight into measurement and an ability 
to think in terms of orders of magnitude—for example, to comprehend the dif-
ference between one in a hundred and a few parts per billion. At a basic level, in 
order to identify something as bigger or smaller than something else—and how 
much bigger or smaller—a student must appreciate the units used to measure it 
and develop a feel for quantity. 

The ideas of ratio and proportionality as used in science can extend and 
challenge students’ mathematical understanding of these concepts. To appreci-
ate the relative magnitude of some properties or processes, it may be necessary to 
grasp the relationships among different types of quantities—for example, speed as 
the ratio of distance traveled to time taken, density as a ratio of mass to volume. 
This use of ratio is quite different than a ratio of numbers describing fractions of 
a pie. Recognition of such relationships among different quantities is a key step in 
forming mathematical models that interpret scientific data. 

Progression

The concept of scale builds from the early grades as an essential element of under-
standing phenomena. Young children can begin understanding scale with objects, 
space, and time related to their world and with explicit scale models and maps. 
They may discuss relative scales—the biggest and smallest, hottest and coolest, 
fastest and slowest—without reference to particular units of measurement. 

Typically, units of measurement are first introduced in the context of 
length, in which students can recognize the need for a common unit of mea-
sure—even develop their own before being introduced to standard units—
through appropriately constructed experiences. Engineering design activities 
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involving scale diagrams and models can support students in developing facility 
with this important concept.

Once students become familiar with measurements of length, they can 
expand their understanding of scale and of the need for units that express quanti-
ties of weight, time, temperature, and other variables. They can also develop an 
understanding of estimation across scales and contexts, which is important for 
making sense of data. As students become more sophisticated, the use of estima-
tion can help them not only to develop a sense of the size and time scales relevant 
to various objects, systems, and processes but also to consider whether a numeri-
cal result sounds reasonable. Students acquire the ability as well to move back and 
forth between models at various scales, depending on the question being consid-
ered. They should develop a sense of the powers-of-10 scales and what phenom-
ena correspond to what scale, from the size of the nucleus of an atom to the size 
of the galaxy and beyond. 

Well-designed instruction is needed if students are to assign meaning to the 
types of ratios and proportional relationships they encounter in science. Thus the 
ability to recognize mathematical relationships between quantities should begin 
developing in the early grades with students’ representations of counting (e.g., 
leaves on a branch), comparisons of amounts (e.g., of flowers on different plants), 
measurements (e.g., the height of a plant), and the ordering of quantities such as 
number, length, and weight. Students can then explore more sophisticated math-
ematical representations, such as the use of graphs to represent data collected. The 
interpretation of these graphs may be, for example, that a plant gets bigger as time 
passes or that the hours of daylight decrease and increase across the months. 

As students deepen their understanding of algebraic thinking, they should 
be able to apply it to examine their scientific data to predict the effect of a 
change in one variable on another, for example, or to appreciate the difference 
between linear growth and exponential growth. As their thinking advances, so 
too should their ability to recognize and apply more complex mathematical and 
statistical relationships in science. A sense of numerical quantity is an important 
part of the general “numeracy” (mathematics literacy) that is needed to interpret 
such relationships.

Systems and System Models

As noted in 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 
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of investigation. The units of investigations can be referred to as ‘systems.’ A sys-
tem 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” [2].

Although any real system 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. They then exam-
ine the system in detail while treating the effects of things outside the boundary 
as either forces acting on the system 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 diox-
ide 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 impor-
tant element of the design of an investigation 
and interpretation of results.

Often, the parts of a system are interde-
pendent, and 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 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. Models of 
a system can range in complexity from lists and simple sketches to detailed com-
puter simulations or functioning prototypes. 
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Models can be valuable in predicting a system’s behaviors or in diagnosing 
problems or failures in its functioning, regardless of what type of system is being 
examined. A good system model for use in developing scientific explanations or 
engineering designs must specify not only the parts, or subsystems, of the system 
but also how they interact with one another. It must also specify the boundary of 
the system being modeled, delineating what is included in the model and what is 
to be treated as external. In a simple mechanical system, interactions among the 
parts are describable in terms of forces among them that cause changes in motion 
or physical stresses. In more complex systems, it is not always possible or useful to 
consider interactions at this detailed mechanical level, yet it is equally important 
to ask what interactions are occurring (e.g., predator-prey relationships in an eco-
system) and to recognize that they all involve transfers of energy, matter, and (in 
some cases) information among parts of the system. 

Any model of a system incorporates assumptions and approximations; the 
key is to be aware of what they are and how they affect the model’s reliability and 
precision. Predictions may be reliable but not precise or, worse, precise but not 
reliable; the degree of reliability and precision needed depends on the use to which 
the model will be put. 

Progression

As science instruction progresses, so too should students’ ability to analyze and 
model more complex systems and to use a broader variety of representations to 
explicate what they model. Their thinking about systems in terms of component 
parts and their interactions, as well as in terms of inputs, outputs, and processes, 
gives students a way to organize their knowledge of a system, to generate ques-
tions that can lead to enhanced understanding, to test aspects of their model of the 
system, and, eventually, to refine their model.

Starting in the earliest grades, students should be asked to express their 
thinking with drawings or diagrams and with written or oral descriptions. They 
should describe objects or organisms in terms of their parts and the roles those 
parts play in the functioning of the object or organism, and they should note 
relationships between the parts. Students should also be asked to create plans—
for example, to draw or write a set of instructions for building something—that 
another child can follow. Such experiences help them develop the concept of a 
model of a system and realize the importance of representing one’s ideas so that 
others can understand and use them.
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As students progress, their models should move beyond simple renderings or 
maps and begin to incorporate and make explicit the invisible features of a system, 
such as interactions, energy flows, or matter transfers. Mathematical ideas, such 
as ratios and simple graphs, should be seen as tools for making more definitive 
models; eventually, students’ models should incorporate a range of mathematical 
relationships among variables (at a level appropriate for grade-level mathematics) 
and some analysis of the patterns of those relationships. By high school, students 
should also be able to identify the assumptions and approximations that have 
been built into a model and discuss how they limit the precision and reliability of 
its predictions. 

Instruction should also include discussion of the interactions within a sys-
tem. As understanding deepens, students can move from a vague notion of interac-
tion as one thing affecting another to more explicit realizations of a system’s phys-
ical, chemical, biological, and social interactions and of their relative importance 
for the question at hand. Students’ ideas about the interactions in a system and the 
explication of such interactions in their models should become more sophisticated 
in parallel with their understanding of the microscopic world (atoms, molecules, 
biological cells, microbes) and with their ability to interpret and use more complex 
mathematical relationships. 

Modeling is also a tool that students can use in gauging their own knowl-
edge and clarifying their questions about a system. Student-developed models may 
reveal problems or progress in their conceptions of the system, just as scientists’ 
models do. Teaching students to explicitly craft and present their models in dia-
grams, words, and, eventually, in mathematical relationships serves three purpos-
es. It supports them in clarifying their ideas and explanations and in considering 
any inherent contradictions; it allows other students the opportunity to critique 
and suggest revisions for the model; and it offers the teacher insights into those 
aspects of each student’s understanding that are well founded and those that could 
benefit from further instructional attention. Likewise in engineering projects, 
developing systems thinking and system models supports critical steps in develop-
ing, sharing, testing, and refining design ideas.

Energy and Matter: Flows, Cycles, and Conservation

One of the great achievements of science is the recognition that, in any system, 
certain conserved quantities can change only through transfers into or out of the 
system. Such laws of conservation provide limits on what can occur in a system, 
whether human built or natural. This section focuses on two such quantities, 
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matter and energy, whose conservation has important implications for the dis-
ciplines of science in this framework. The supply of energy and of each needed 
chemical element restricts a system’s operation—for example, without inputs of 
energy (sunlight) and matter (carbon dioxide and water), a plant cannot grow. 
Hence, it is very informative to track the transfers of matter and energy within, 
into, or out of any system under study. 

In many systems there also are cycles of various types. In some cases, the 
most readily observable cycling may be of matter—for example, water going back 
and forth between Earth’s atmosphere and its surface and subsurface reservoirs. 
Any such cycle of matter also involves associated energy transfers at each stage, 
so to fully understand the water cycle, one must model not only how water moves 
between parts of the system but also the energy transfer mechanisms that are criti-
cal for that motion.

Consideration of energy and matter inputs, outputs, and flows or transfers 
within a system or process are equally important for engineering. A major goal in 
design is to maximize certain types of energy output while minimizing others, in 
order to minimize the energy inputs needed to achieve a desired task.

The ability to examine, characterize, and model the transfers and cycles 
of matter and energy is a tool that students can use across virtually all areas 
of science and engineering. And studying the interactions between matter and 
energy supports students in developing increasingly sophisticated conceptions of 
their role in any system. However, for this development to occur, there needs to 
be a common use of language about energy and matter across the disciplines in 
science instruction.

Progression

The core ideas of matter and energy and their development across the grade 
bands are spelled out in detail in Chapter 5. What is added in this crosscutting 
discussion is recognition that an understanding of these core ideas can be infor-
mative in examining systems in life science, earth and space science, and engineer-
ing contexts. Young children are likely to have difficulty studying the concept of 

❚ The ability to examine, characterize, and model the transfers and cycles 

of matter and energy is a tool that students can use across virtually all 

areas of science and engineering. ❚
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energy in depth—everyday language surrounding energy contains many shortcuts 
that lead to misunderstandings. For this reason, the concept is not developed at 
all in K-2 and only very generally in grades 3-5. Instead, the elementary grades 
focus on recognition of conservation of matter and of the flow of matter into, 
out of, and within systems under study. The role of energy transfers in conjunc-
tion with these flows is not introduced until the middle grades and only fully 
developed by high school. 

Clearly, incorrect beliefs—such as the perception that food or fuel is a form 
of energy—would lead to elementary grade students’ misunderstanding of the 
nature of energy. Hence, although the necessity for food or fuel can be discussed, 
the language of energy needs to be used with care so as not to further estab-
lish such misconceptions. By middle school, a more precise idea of energy—for 
example, the understanding that food or fuel undergoes a chemical reaction with 
oxygen that releases stored energy—can emerge. The common misconceptions can 
be addressed with targeted instructional interventions (including student-led inves-
tigations), and appropriate terminology can be used in discussing energy across 
the disciplines. 

Matter transfers are less fraught in this respect, but the idea of atoms is not 
introduced with any specificity until middle school. Thus, at the level of grades 
3-5, matter flows and cycles can be tracked only in terms of the weight of the sub-
stances before and after a process occurs, such as sugar dissolving in water. Mass/
weight distinctions and the idea of atoms and their conservation (except in nuclear 
processes) are taught in grades 6-8, with nuclear substructure and the related con-
servation laws for nuclear processes introduced in grades 9-12. 

Structure and Function

As expressed by the National Research Council in 1996 and reiterated by the 
College Board in 2009, “Form and function are complementary aspects of objects, 
organisms, and systems in the natural and designed world. . . . Understanding 
of form and function applies to different levels of organization. Function can be 
explained in terms of form and form can be explained in terms of function” [2, 3].

The functioning of natural and built systems alike depends on the shapes and 
relationships of certain key parts as well as on the properties of the materials from 
which they are made. A sense of scale is necessary in order to know what proper-
ties and what aspects of shape or material are relevant at a particular magnitude or 
in investigating particular phenomena—that is, the selection of an appropriate scale 
depends on the question being asked. For example, the substructures of molecules 
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are not particularly important in understanding the phenomenon of pressure, but 
they are relevant to understanding why the ratio between temperature and pressure 
at constant volume is different for different substances. 

Similarly, understanding how a bicycle works is best addressed by examin-
ing the structures and their functions at the scale of, say, the frame, wheels, and 
pedals. However, building a lighter bicycle may require knowledge of the proper-
ties (such as rigidity and hardness) of the materials needed for specific parts of 
the bicycle. In that way, the builder can seek less dense materials with appropriate 
properties; this pursuit may lead in turn to an examination of the atomic-scale 
structure of candidate materials. As a result, new parts with the desired properties, 
possibly made of new materials, can be designed and fabricated.

Progression

Exploration of the relationship between structure and function can begin in 
the early grades through investigations of accessible and visible systems in the 
natural and human-built world. For example, children explore how shape and 
stability are related for a variety of structures (e.g., a bridge’s diagonal brace) 
or purposes (e.g., different animals get their food using different parts of their 
bodies). As children move through the elementary grades, they progress to 

understanding the relationships of structure and 
mechanical function (e.g., wheels and axles, 
gears). For upper-elementary students, the con-
cept of matter having a substructure at a scale 
too small to see is related to properties of mate-
rials; for example, a model of a gas as a collec-
tion of moving particles (not further defined) 
may be related to observed properties of gases. 
Upper-elementary students can also examine 
more complex structures, such as subsystems of 
the human body, and consider the relationship 
of the shapes of the parts to their functions. By 
the middle grades, students begin to visualize, 

model, and apply their understanding of structure and function to more complex 
or less easily observable systems and processes (e.g., the structure of water and 
salt molecules and solubility, Earth’s plate tectonics). For students in the middle 
grades, the concept of matter having a submicroscopic structure is related to 
properties of materials; for example, a model based on atoms and/or molecules 
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and their motions may be used to explain the properties of solids, liquids, and 
gases or the evaporation and condensation of water.

As students develop their understanding of the relationships between struc-
ture and function, they should begin to apply this knowledge when investigating 
phenomena that are unfamiliar to them. They recognize that often the first step 
in deciphering how a system works is to examine in detail what it is made of 
and the shapes of its parts. In building something—say, a mechanical system—
they likewise apply relationships of structure and function as critical elements of 
successful designs. 

Stability and Change

“Much of science and mathematics has to do with understanding how change 
occurs in nature and in social and technological systems, and much of technol-
ogy has to do with creating and controlling change,” according to the American 
Association for the Advancement of Science. “Constancy, often in the midst of 
change, is also the subject of intense study in science” [4]. 

Stability denotes a condition in which some aspects of a system are unchang-
ing, at least at the scale of observation. Stability means that a small disturbance 
will fade away—that is, the system will stay in, or return to, the stable condition. 
Such stability can take different forms, with the simplest being a static equilib-
rium, such as a ladder leaning on a wall. By contrast, a system with steady inflows 
and outflows (i.e., constant conditions) is said to be in dynamic equilibrium. For 
example, a dam may be at a constant level with steady quantities of water com-
ing in and out. Increase the inflow, and a new equilibrium level will eventually be 
reached if the outflow increases as well. At extreme flows, other factors may cause 
disequilibrium; for example, at a low-enough inflow, evaporation may cause the 
level of the water to continually drop. Likewise, a fluid at a constant temperature 
can be in a steady state with constant chemical composition even though chemi-
cal reactions that change the composition in two opposite directions are occurring 
within it; change the temperature and it will reach a new steady state with a dif-
ferent composition.

A repeating pattern of cyclic change—such as the moon orbiting Earth—can 
also be seen as a stable situation, even though it is clearly not static. Such a system 
has constant aspects, however, such as the distance from Earth to the moon, the 
period of its orbit, and the pattern of phases seen over time. 

In designing systems for stable operation, the mechanisms of external con-
trols and internal “feedback” loops are important design elements; feedback is 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

Dimension 2: Crosscutting Concepts 99

important to understanding natural systems as well. A feedback loop is any mech-
anism in which a condition triggers some action that causes a change in that same 
condition, such as the temperature of a room triggering the thermostatic control 
that turns the room’s heater on or off. Feedback can stabilize a system (negative 
feedback—a thermostat in a cooling room triggers heating, but only until a par-
ticular temperature range is reached) or destabilize a system (positive feedback—a 
fire releases heat, which triggers the burning of more fuel, which causes the fire to 
continue to grow). 

A system can be stable on a small time scale, but on a larger time scale it 
may be seen to be changing. For example, when looking at a living organism over 
the course of an hour or a day, it may maintain stability; over longer periods, the 
organism grows, ages, and eventually dies. For the development of larger systems, 
such as the variety of living species inhabiting Earth or the formation of a galaxy, 
the relevant time scales may be very long indeed; such processes occur over mil-
lions or even billions of years. 

When studying a system’s patterns of change over time, it is also important 
to examine what is unchanging. Understanding the feedback mechanisms that 
regulate the system’s stability or that drive its instability provides insight into 
how the system may operate under various conditions. These mechanisms are 
important to evaluate when comparing different design options that address a 
particular problem. 

Any system has a range of conditions under which it can operate in a stable 
fashion, as well as conditions under which it cannot function. For example, a par-
ticular living organism can survive only within a certain range of temperatures, 
and outside that span it will die. Thus elucidating what range of conditions can 
lead to a system’s stable operation and what changes would destabilize it (and in 
what ways) is an important goal. 

Note that stability is always a balance of competing effects; a small change 
in conditions or in a single component of the system can lead to runaway changes 
in the system if compensatory mechanisms are absent. Nevertheless, students typi-
cally begin with an idea of equilibrium as a static situation, and they interpret a 
lack of change in the system as an indication that nothing is happening. Thus they 
need guidance to begin to appreciate that stability can be the result of multiple 
opposing forces; they should be taught to identify the invisible forces—to appreci-
ate the dynamic equilibrium—in a seemingly static situation, even one as simple as 
a book lying on a table. 
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An understanding of dynamic equilibrium is crucial to understanding the 
major issues in any complex system—for example, population dynamics in an 
ecosystem or the relationship between the level of atmospheric carbon dioxide and 
Earth’s average temperature. Dynamic equilibrium is an equally important concept 
for understanding the physical forces in matter. Stable matter is a system of atoms 
in dynamic equilibrium.

For example, the stability of the book lying on the table depends on the fact 
that minute distortions of the table caused by the book’s downward push on the 
table in turn cause changes in the positions of the table’s atoms. These changes 
then alter the forces between those atoms, which lead to changes in the upward 
force on the book exerted by the table. The book continues to distort the table 
until the table’s upward force on the book exactly balances the downward pull of 
gravity on the book. Place a heavy enough item on the table, however, and stabil-
ity is not possible; the distortions of matter within the table continue to the mac-
roscopic scale, and it collapses under the weight. Such seemingly simple, explicit, 
and visible examples of how change in some factor produces changes in the sys-
tem can help to establish a mental model of dynamic equilibrium useful for think-
ing about more complex systems. 

Understanding long-term changes—for example, the evolution of the diver-
sity of species, the surface of Earth, or the structure of the universe—requires a 
sense of the requisite time scales for such changes to develop. Long time scales 
can be difficult for students to grasp, however. Part of their understanding should 
grow from an appreciation of how scientists investigate the nature of these 
processes—through the interplay of evidence and system modeling. Student-
developed models that use comparative time scales can also be helpful; for exam-
ple, if the history of Earth is scaled to 1 year (instead of the absolute measures in 
eons), students gain a more intuitive understanding of the relative durations of 
periods in the planet’s evolution.

Progression

Even very young children begin to explore stability (as they build objects with 
blocks or climb on a wall) and change (as they note their own growth or that 
of a plant). The role of instruction in the early grades is to help students to 
develop some language for these concepts and apply it appropriately across 
multiple examples, so that they can ask such questions as “What could I change 
to make this balance better?” or “How fast did the plants grow?” One of the 
goals of discussion of stability and change in the elementary grades should 
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be the recognition that it can be as important to ask why something does not 
change as why it does. 

Likewise, students should come to recognize that both the regularities of 
a pattern over time and its variability are issues for which explanations can be 
sought. Examining these questions in different contexts (e.g., a model ecosystem 
such as a terrarium, the local weather, a design for a bridge) broadens students’ 
understanding that stability and change are related and that a good model for a 
system must be able to offer explanations for both. 

In middle school, as student’s understanding of matter progresses to the 
atomic scale, so too should their models and their explanations of stability and 
change. Furthermore, they can begin to appreciate more subtle or conditional situ-
ations and the need for feedback to maintain stability. At the high school level, 
students can model more complex systems and comprehend more subtle issues of 
stability or of sudden or gradual change over time. Students at this level should 
also recognize that much of science deals with constructing historical explanations 
of how things evolved to be the way they are today, which involves modeling rates 
of change and conditions under which the system is stable or changes gradually, as 
well as explanations of any sudden change. 

INTERCONNECTIONS BETWEEN CROSSCUTTING CONCEPTS  
AND DISCIPLINARY CORE IDEAS

Students’ understanding of these crosscutting concepts should be reinforced by 
repeated use of them in the context of instruction in the disciplinary core ideas 
presented in Chapters 5-8. In turn, the crosscutting concepts can provide a con-
nective structure that supports students’ understanding of sciences as disciplines 
and that facilitates students’ comprehension of the phenomena under study in 
particular disciplines. Thus these crosscutting concepts should not be taught in 
isolation from the examples provided in the disciplinary context. Moreover, use of 
a common language for these concepts across disciplines will help students to rec-
ognize that the same concept is relevant across different contexts. 
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Most systems or processes depend at some level on physical and chemical 
subprocesses that occur within it, whether the system in question is a 
star, Earth’s atmosphere, a river, a bicycle, the human brain, or a living 

cell. Large-scale systems often have emergent properties that cannot be explained 
on the basis of atomic-scale processes; nevertheless, to understand the physical and 
chemical basis of a system, one must ultimately consider the structure of matter at 
the atomic and subatomic scales to discover how it influences the system’s larger 
scale structures, properties, and functions. Similarly, understanding a process at 
any scale requires awareness of the interactions occurring—in terms of the forces 
between objects, the related energy transfers, and their consequences. In this way, 
the physical sciences—physics and chemistry—underlie all natural and human-
created phenomena, although other kinds of information transfers, such as those 
facilitated by the genetic code or communicated between organisms, may also be 
critical to understanding their behavior. An overarching goal for learning in the 
physical sciences, therefore, is to help students see that there are mechanisms of 
cause and effect in all systems and processes that can be understood through a 
common set of physical and chemical principles.

The committee developed four core ideas in the physical sciences—three 
of which parallel those identified in previous documents, including the National 
Science Education Standards and Benchmarks for Science Literacy [1, 2]. The 
three core ideas are PS1: Matter and Its Interactions, PS2: Motion and Stability: 
Forces and Interactions, and PS3: Energy.

Dimension 3
DISCIPLINARY CORE IDEAS— 
PHYSICAL SCIENCES

5
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We also introduce a fourth core idea: PS4: Waves and Their Applications 
in Technologies for Information Transfer—which introduces students to the ways 
in which advances in the physical sciences during the 20th century underlie all 
sophisticated technologies available today. This idea is included in recognition of 
the fact that organizing science instruction around disciplinary core ideas tends to 
leave out the applications of those ideas. The committee included this fourth idea 
to stress the interplay of physical science and technology, as well as to expand 
students’ understanding of light and sound as mechanisms of both energy trans-
fer (see LS3) and transfer of information between objects that are not in contact. 
Modern communication, information, and imaging technologies are applications 
of scientific understandings of light and sound and their interactions with mat-
ter. They are pervasive in our lives today and are also critical tools without which 
much of modern science could not be done. See Box 5-1 for a summary of these 
four core ideas and their components.

The first three physical science core ideas answer two fundamental 
questions—“What is everything made of?” and “Why do things happen?”—
that are not unlike questions that students themselves might ask. These core 
ideas can be applied to explain and predict a wide variety of phenomena that 
occur in people’s everyday lives, such as the evaporation of a puddle of water, 
the transmission of sound, the digital storage and transmission of information, 
the tarnishing of metals, and photosynthesis. And because such explanations 
and predictions rely on a basic understanding of matter and energy, students’ 
abilities to conceive of the interactions of matter and energy are central to their 
science education. 

The historical division between the two subjects of physics and chemistry is 
transcended in modern science, as the same physical principles are seen to apply 
from subatomic scales to the scale of the universe itself. For this reason we have 
chosen to present the two subjects together, thereby ensuring a more coherent 
approach to the core ideas across all grades. The designation of physical science 
courses at the high school level as either physics or chemistry is not precluded by 
our grouping of these disciplines; what is important is that all students are offered 
a course sequence that gives them the opportunity and support to learn about all 
these ideas and to recognize the connections between them.
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CORE AND COMPONENT IDEAS IN THE PHYSICAL SCIENCES

Core Idea PS1: Matter and Its Interactions

 PS1.A: Structure and Properties of Matter

 PS1.B: Chemical Reactions

 PS1.C: Nuclear Processes

Core Idea 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

Core Idea 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 and Everyday Life

Core Idea PS4: Waves and Their Applications in Technologies for Information Transfer

 PS4.A: Wave Properties

 PS4.B: Electromagnetic Radiation

 PS4.C: Information Technologies and Instrumentation

BOX 5-1
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Core Idea PS1 Matter and Its Interactions

How can one explain the structure, properties, and interactions of matter?

The existence of atoms, now supported by evidence from modern instruments, 
was first postulated as a model that could explain both qualitative and quantita-
tive observations about matter (e.g., Brownian motion, ratios of reactants and 
products in chemical reactions). Matter can be understood in terms of the types 
of atoms present and the interactions both between and within them. The states 
(i.e., solid, liquid, gas, or plasma), properties (e.g., hardness, conductivity), and 
reactions (both physical and chemical) of matter can be described and predicted 
based on the types, interactions, and motions of the atoms within it. Chemical 
reactions, which underlie so many observed phenomena in living and nonliv-
ing systems alike, conserve the number of atoms of each type but change their 
arrangement into molecules. Nuclear reactions involve changes in the types of 
atomic nuclei present and are key to the energy release from the sun and the bal-
ance of isotopes in matter. 

PS1.A: STRUCTURE AND PROPERTIES OF MATTER

How do particles combine to form the variety of matter one observes?

While too small to be seen with visible light, atoms have substructures of their 
own. They have a small central region or nucleus—containing protons and 
neutrons—surrounded by a larger region containing electrons. The number of pro-
tons in the atomic nucleus (atomic number) is the defining characteristic of each 
element; different isotopes of the same element differ in the number of neutrons 
only. Despite the immense variation and number of substances, there are only 
some 100 different stable elements.

Each element has characteristic chemical properties. The periodic table, a 
systematic representation of known elements, is organized horizontally by increas-
ing atomic number and vertically by families of elements with related chemical 
properties. The development of the periodic table (which occurred well before 
atomic substructure was understood) was a major advance, as its patterns sug-
gested and led to the identification of additional elements with particular proper-
ties. Moreover, the table’s patterns are now recognized as related to the atom’s 
outermost electron patterns, which play an important role in explaining chemical 
reactivity and bond formation, and the periodic table continues to be a useful way 
to organize this information.
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The substructure of atoms determines how they combine and rearrange to 
form all of the world’s substances. Electrical attractions and repulsions between 
charged particles (i.e., atomic nuclei and electrons) in matter explain the struc-
ture of atoms and the forces between atoms that cause them to form molecules 
(via chemical bonds), which range in size from two to thousands of atoms (e.g., 
in biological molecules such as proteins). Atoms also combine due to these forces 
to form extended structures, 
such as crystals or metals. 
The varied properties (e.g., 
hardness, conductivity) of 
the materials one encounters, 
both natural and manufac-
tured, can be understood 
in terms of the atomic and 
molecular constituents pres-
ent and the forces within and 
between them. 

Within matter, atoms 
and their constituents are 
constantly in motion. The 
arrangement and motion of 
atoms vary in characteristic 
ways, depending on the sub-
stance and its current state 
(e.g., solid, liquid). Chemical composition, temperature, and pressure affect such 
arrangements and motions of atoms, as well as the ways in which they interact. 
Under a given set of conditions, the state and some properties (e.g., density, 
elasticity, viscosity) are the same for different bulk quantities of a substance, 
whereas other properties (e.g., volume, mass) provide measures of the size of the 
sample at hand.

Materials can be characterized by their intensive measureable properties. 
Different materials with different properties are suited to different uses. The ability 
to image and manipulate placement of individual atoms in tiny structures allows 
for the design of new types of materials with particular desired functionality (e.g., 
plastics, nanoparticles). Moreover, the modern explanation of how particular 
atoms influence the properties of materials or molecules is critical to understand-
ing the physical and chemical functioning of biological systems. 
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Grade Band Endpoints for PS1.A

By the end of grade 2. Different kinds of matter exist (e.g., wood, metal, water), 
and many of them can be either solid or liquid, depending on temperature. 
Matter can be described and classified by its observable properties (e.g., visual, 
aural, textural), by its uses, and by whether it occurs naturally or is manufac-
tured. Different properties are suited to different purposes. A great variety of 
objects can be built up from a small set of pieces (e.g., blocks, construction 
sets). Objects or samples of a substance can be weighed, and their size can 
be described and measured. (Boundary: volume is introduced only for liquid 
measure.)

By the end of grade 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 (e.g., by weighing or by its effects on other objects). For example, 
a model showing that gases are made from matter particles that are too small 
to see and are moving freely around in space can explain many observations, 
including the inflation and shape of a balloon; the effects of air on larger par-
ticles or objects (e.g., leaves in wind, dust suspended in air); and the appearance 
of visible scale water droplets in condensation, fog, and, by extension, also in 
clouds or the contrails of a jet. The amount (weight) of matter is conserved 
when it changes form, even in transitions in which it seems to vanish (e.g., sugar 
in solution, evaporation in a closed container). Measurements of a variety of 
properties (e.g., hardness, reflectivity) can be used to identify particular materi-
als. (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.)

By the end of grade 8. All substances are made from some 100 different types of 
atoms, which combine with one another in various ways. Atoms form molecules 
that range in size from two to thousands of atoms. Pure substances are made from 
a single type of atom or molecule; each pure substance has characteristic physical 
and chemical properties (for any bulk quantity under given conditions) that can be 
used to identify it.

Gases and liquids are made of molecules or inert atoms that are moving 
about relative to each other. In a liquid, the molecules are constantly in contact 
with each other; in a gas, they are widely spaced except when they happen to 
collide. In a solid, atoms are closely spaced and vibrate in position but do not 
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change relative locations. Solids may be formed from molecules, or they may be 
extended structures with repeating subunits (e.g., crystals). The changes of state 
that occur with variations in temperature or pressure can be described and pre-
dicted using these models of matter. (Boundary: Predictions here are qualitative, 
not quantitative.)

By the end of grade 12. 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 repeat-
ing 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. Stable forms of matter are those in which 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; one 
must provide at least this energy in order to take the molecule apart.

PS1.B: CHEMICAL REACTIONS

How do substances combine or change (react) to make new substances? How does 
one characterize and explain these reactions and make predictions about them?

Many substances react chemically with other substances to form new substances 
with different properties. This change in properties results from the ways in which 
atoms from the original substances are combined and rearranged in the new sub-
stances. However, the total number of each type of atom is conserved (does not 
change) in any chemical process, and thus mass does not change either. The prop-
erty of conservation can be used, along with knowledge of the chemical properties 
of particular elements, to describe and predict the outcomes of reactions. Changes 
in matter in which the molecules do not change, but their positions and their 
motion relative to each other do change also occur (e.g., the forming of a solution, 

❚ Understanding chemical reactions and the properties of elements 

is essential not only to the physical sciences but also is foundational 

knowledge for the life sciences and the earth and space sciences. ❚
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a change of state). Such changes are generally easier to reverse (return to original 
conditions) than chemical changes.

“Collision theory” provides a qualitative model for explaining the rates of 
chemical reactions. Higher rates occur at higher temperatures because atoms are 
typically moving faster and thus collisions are more frequent; also, a larger frac-
tion of the collisions have sufficient energy to initiate the process. Although a 
solution or a gas may have constant chemical composition—that is, be in a steady 
state—chemical reactions may be occurring within it that are dynamically bal-
anced with reactions in opposite directions proceeding at equal rates. 

Any chemical process involves a change in chemical bonds and the related 
bond energies and thus in the total chemical binding energy. This change is 
matched by a difference between the total kinetic energy of the set of reactant 
molecules before the collision and that of the set of product molecules after the 
collision (conservation of energy). Some reactions release energy (e.g., burning fuel 
in the presence of oxygen), and others require energy input (e.g., synthesis of sug-
ars from carbon dioxide and water).

Understanding chemical reactions and the properties of elements is essential 
not only to the physical sciences but also is foundational knowledge for the life 
sciences and the earth and space sciences. The cycling of matter and associated 
transfers of energy in systems, of any scale, depend on physical and chemical pro-
cesses. The reactivity of hydrogen ions gives rise to many biological and geophysi-
cal phenomena. The capacity of carbon atoms to form the backbone of extended 
molecular structures is essential to the chemistry of life. The carbon cycle involves 
transfers between carbon in the atmosphere—in the form of carbon dioxide—and 
carbon in living matter or formerly living matter (including fossil fuels). The pro-
portion of oxygen molecules (i.e., oxygen in the form O2) in the atmosphere also 
changes in this cycle.

Grade Band Endpoints for PS1.B

By the end of grade 2. Heating or cooling a substance may cause changes that can 
be observed. Sometimes these changes are reversible (e.g., melting and freezing), 
and sometimes they are not (e.g., baking a cake, burning fuel). 

By the end of grade 5. When two or more different substances are mixed, 
a new substance with different properties may be formed; such occurrences 
depend on the substances and the temperature. No matter what reaction or 
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change in properties occurs, the total weight of the substances does not change. 
(Boundary: Mass and weight are not distinguished at this grade level.)

By the end of grade 8. 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. The total number of each type of atom is conserved, and 
thus the mass does not change. Some chemical reactions release energy, others 
store energy. 

By the end of grade 12. Chemical processes, their rates, and whether or not ener-
gy 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 total binding energy (i.e., the sum of all bond energies in the set of molecules) 
that are matched by changes in kinetic energy. In many situations, a dynamic and 
condition-dependent balance between a reaction and the reverse reaction deter-
mines the numbers of all types of molecules present. 

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. Chemical processes and properties of materials underlie many important 
biological and geophysical phenomena. 

PS1.C: NUCLEAR PROCESSES

What forces hold nuclei together and mediate nuclear processes?

Phenomena involving nuclei are important to understand, as they explain the for-
mation and abundance of the elements, radioactivity, the release of energy from 
the sun and other stars, and the generation of nuclear power. To explain and pre-
dict nuclear processes, two additional types of interactions—known as strong and 
weak nuclear interactions—must be introduced. They play a fundamental role in 
nuclei, although not at larger scales because their effects are very short range.

The strong nuclear interaction provides the primary force that holds nuclei 
together and determines nuclear binding energies. Without it, the electromagnetic 
forces between protons would make all nuclei other than hydrogen unstable. 
Nuclear processes mediated by these interactions include fusion, fission, and the 
radioactive decays of unstable nuclei. These processes involve changes in nuclear 
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binding energies and masses (as described by E = mc2), and typically they release 
much more energy per atom involved than do chemical processes. 

Nuclear fusion is a process in which a collision of two small nuclei eventu-
ally results in the formation of a single more massive nucleus with greater net 
binding energy and hence a release of energy. It occurs only under conditions of 
extremely high temperature and pressure. Nuclear fusion occurring in the cores 
of stars provides the energy released (as light) from those stars. The Big Bang 
produced matter in the form of hydrogen and smaller amounts of helium and 
lithium. Over time, stars (including supernova explosions) have produced and 
dispersed all the more massive atoms, starting from primordial low-mass ele-
ments, chiefly hydrogen. 

Nuclear fission is a process in which a massive nucleus splits into two or 
more smaller nuclei, which fly apart at high energy. The produced nuclei are often 
not stable and undergo subsequent radioactive decays. A common fission fragment 
is an alpha particle, which is just another name for a helium nucleus, given before 
this type of “radiation” was identified.

In addition to alpha particles, other types of radioactive decays produce 
other forms of radiation, originally labeled as “beta” and “gamma” particles and 
now recognized as electrons or positrons, and photons (i.e., high-frequency elec-
tromagnetic radiation), respectively. Because of the high-energy release in nuclear 
transitions, the emitted radiation (whether it be alpha, beta, or gamma type) can 
ionize atoms and may thereby cause damage to biological tissue. 

Nuclear fission and radioactive decays limit the set of stable isotopes of ele-
ments and the size of the largest stable nucleus. Spontaneous radioactive decays 
follow a characteristic exponential decay law, with a specific lifetime (time scale) 
for each such process; the lifetimes of different nuclear decay processes range from 
fractions of a second to thousands of years. Some unstable but long-lived isotopes 
are present in rocks and minerals. Knowledge of their nuclear lifetimes allows 
radiometric dating to be used to determine the ages of rocks and other materials 
from the isotope ratios present. 

In fission, fusion, and beta decay processes, atoms change type, but the total 
number of protons plus neutrons is conserved. Beta processes involve an addition-
al type of interaction (the weak interaction) that can change neutrons into protons 
or vice versa, along with the emission or absorption of electrons or positrons and 
of neutrinos. Isolated neutrons decay by this process.
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Grade Band Endpoints for PS1.C

By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. [Intentionally left blank.]

By the end of grade 8. Nuclear fusion can result in the merging of two nuclei to 
form a larger one, along with the release of significantly more energy per atom 
than any chemical process. It occurs only under conditions of extremely high 
temperature and pressure. Nuclear fusion taking place in the cores of stars pro-
vides the energy released (as light) from those stars and produced all of the more 
massive atoms from primordial hydrogen. Thus the elements found on Earth and 
throughout the universe (other than hydrogen and most of helium, which are pri-
mordial) were formed in the stars or supernovas by fusion processes. 

By the end of grade 12. Nuclear processes, including fusion, fission, and radio-
active decays of unstable nuclei, involve changes in nuclear binding energies. The 
total number of neutrons plus protons does not change in any nuclear process. 
Strong and weak nuclear interactions determine nuclear stability and processes. 
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 from the isotope ratios present. 

Normal stars cease producing light after having converted all of the material 
in their cores to carbon or, for more massive stars, to iron. Elements more massive 
than iron are formed by fusion processes but only in the extreme conditions of 
supernova explosions, which explains why they are relatively rare. 

Core Idea PS2 Motion and Stability: Forces and Interactions

How can one explain and predict interactions between objects and within systems 
of objects?

Interactions between any two objects can cause changes in one or both of them. 
An understanding of the forces between objects is important for describing how 
their motions change, as well as for predicting stability or instability in systems at 
any scale. All forces between objects arise from a few types of interactions: grav-
ity, electromagnetism, and the strong and weak nuclear interactions. 
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PS2.A: FORCES AND MOTION

How can one predict an object’s continued motion, changes in motion, or stability?

Interactions of an object with another object can be explained and predicted 
using the concept of forces, which can cause a change in motion of one or both 
of the interacting objects. An individual force acts on one particular object and is 

described by its strength and direction. 
The strengths of forces can be measured 
and their values compared. 

What happens when a force is 
applied to an object depends not only 
on that force but also on all the other 
forces acting on that object. A static 
object typically has multiple forces act-
ing on it, but they sum to zero. If the 
total (vector sum) force on an object 
is not zero, however, its motion will 
change. Sometimes forces on an object 
can also change its shape or orienta-
tion. 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). 

At the macroscale, the motion of an object subject to forces is governed by 
Newton’s second law of motion. Under everyday circumstances, the mathematical 
expression of this law in the form F = ma (total force = mass times acceleration) 
accurately predicts changes in the motion of a single macroscopic object of a given 
mass due to the total force on it. But at speeds close to the speed of light, the sec-
ond law is not applicable without modification. Nor does it apply to objects at the 
molecular, atomic, and subatomic scales, or to an object whose mass is changing 
at the same time as its speed. 

❚ An understanding of the forces between objects is important for 

describing how their motions change, as well as for predicting stability or 

instability in systems at any scale. ❚
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For speeds that are small compared with the speed of light, the momentum 
of an object is defined as its mass times its velocity. For any system of interact-
ing objects, the total momentum within the system changes only due to transfer 
of momentum into or out of the system, either because of external forces acting 
on the system or because of matter flows. Within an isolated system of interact-
ing objects, any change in momentum of one object is balanced by an equal and 
oppositely directed change in the total momentum of the other objects. Thus total 
momentum is a conserved quantity.

Grade Band Endpoints for PS2.A

By the end of grade 2. Objects pull or push each other when they collide or are 
connected. Pushes and pulls can have different strengths and directions. Pushing or 
pulling on an object can change the speed or direction of its motion and can start or 
stop it. An object sliding on a surface or sitting on a slope experiences a pull due to 
friction on the object due to the surface that opposes the object’s motion.

By the end of grade 5. Each force acts on one particular object and has both 
a strength and a direction. An object at rest typically has multiple forces act-
ing 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.) The patterns of an object’s motion in various situations 
can be observed and measured; when 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.)

By the end of grade 8. 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). 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. Forces on an object 
can also change its shape or orientation. All positions of objects and the directions 
of forces and motions must be described in an arbitrarily chosen reference frame 
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and arbitrarily chosen units of size. In order to share information with other peo-
ple, these choices must also be shared.

By the end of grade 12. Newton’s second law accurately predicts changes in the 
motion of macroscopic objects, but it requires revision for subatomic scales or for 
speeds close to the speed of light. (Boundary: No details of quantum physics or 
relativity are included at this grade level.) 

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. 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.

PS2.B: TYPES OF INTERACTIONS

What underlying forces explain the variety of interactions observed?

All forces between objects arise from a few types of interactions: gravity, electro-
magnetism, and strong and weak nuclear interactions. Collisions between objects 
involve forces between them that can change their motion. Any two objects in 
contact also exert forces on each other that are electromagnetic in origin. These 
forces result from deformations of the objects’ substructures and the electric 
charges of the particles that form those substructures (e.g., a table supporting a 
book, friction forces). 

Gravitational, electric, and magnetic forces between a pair of objects do not 
require that they be in contact. These forces are explained by force fields that con-
tain energy and can transfer energy through space. These fields can be mapped by 
their effect on a test object (mass, charge, or magnet, respectively).

Objects with mass are sources of gravitational fields and are affected by the 
gravitational fields of all other objects with mass. Gravitational forces are always 
attractive. For two human-scale objects, these forces are too small to observe 
without sensitive instrumentation. Gravitational interactions are nonnegligible, 
however, when very massive objects are involved. Thus the gravitational force due 
to Earth, acting on an object near Earth’s surface, pulls that object toward the 
planet’s center. Newton’s law of universal gravitation provides the mathematical 
model to describe and predict the effects of gravitational forces between distant 
objects. These long-range gravitational interactions govern the evolution and 
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maintenance of large-scale structures in the universe (e.g., the solar system, galax-
ies) and the patterns of motion within them. 

Electric forces and magnetic forces are different aspects of a single electro-
magnetic interaction. Such forces can be attractive or repulsive, depending on the 
relative sign of the electric charges involved, the direction of current flow, and the 
orientation of magnets. The forces’ magnitudes depend on the magnitudes of the 
charges, currents, and magnetic strengths as well as on the distances between the 
interacting objects. All objects with electrical charge or magnetization are sources 
of electric or magnetic fields and can be affected by the electric or magnetic fields 
of other such objects. Attraction and repulsion of electric charges at the atomic 
scale explain the structure, properties, and transformations of matter and the 
contact forces between material objects (link to PS1.A and PS1.B). Coulomb’s law 
provides the mathematical model to describe and predict the effects of electrostatic 
forces (relating to stationary electric charges or fields) between distant objects. 

The strong and weak nuclear interactions are important inside atomic 
nuclei. These short-range interactions determine nuclear sizes, stability, and rates 
of radioactive decay (see PS1.C).

Grade Band Endpoints for PS2.B

By the end of grade 2. When objects touch or collide, they push on one another 
and can change motion or shape. 

By the end of grade 5. Objects in contact exert forces on each other (friction, elas-
tic pushes and pulls). Electric, magnetic, and gravitational forces between a pair of 
objects do not require that the objects be in contact—for example, magnets push 

or pull at a distance. 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. 
The gravitational force of Earth acting on an object 
near Earth’s surface pulls that object toward the 
planet’s center. 

By the end of grade 8. Electric and magnetic (electro-
magnetic) forces can be attractive or repulsive, and 
their sizes depend on the magnitudes of the charges, 
currents, or magnetic strengths involved and on the 
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distances between the interacting objects. Gravitational forces are always attrac-
tive. 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—for example, Earth and 
the sun. Long-range gravitational interactions govern the evolution and mainte-
nance of large-scale systems in space, such as galaxies or the solar system, and 
determine the patterns of motion within those structures. 

Forces that act at a distance (gravitational, electric, and magnetic) can be 
explained by force 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).

By the end of grade 12. Newton’s law of universal gravitation and Coulomb’s law 
provide the mathematical models to describe and predict the effects of gravitation-
al and electrostatic forces between distant objects. 

Forces at a distance are explained by fields permeating space that can trans-
fer energy through space. Magnets or changing electric fields cause magnetic 
fields; electric charges or changing magnetic fields cause electric fields. 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. The strong and weak nuclear interactions are important inside 
atomic nuclei—for example, they determine the patterns of which nuclear isotopes 
are stable and what kind of decays occur for unstable ones. 

PS2.C: STABILITY AND INSTABILITY IN PHYSICAL SYSTEMS

Why are some physical systems more stable than others?

Events and processes in a system typically involve multiple interactions occurring 
simultaneously or in sequence. The system’s stability or instability and its rate of 
evolution depend on the balance or imbalance among these multiple effects. 

A stable system is one in which the internal and external forces are such that 
any small change results in forces that return the system to its prior state (e.g., a 
weight hanging from a string). A system can be static but unstable, with any small 
change leading to forces that tend to increase that change (e.g., a ball at the top 
of a hill). A system can be changing but have a stable repeating cycle of changes, 
with regular patterns of change that allow predictions about the system’s future 
(e.g., Earth orbiting the sun). And a stable system can appear to be unchanging 
when flows or processes within it are going on at opposite but equal rates (e.g., 
water in a dam at a constant height but with water flowing in that offsets the 
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water flowing out; a person maintaining steady weight but eating food, burning 
calories, and excreting waste). 

Stability and instability in any system depend on the balance of competing 
effects. A steady state of a complex system can be maintained through a set of 
feedback mechanisms, but changes in conditions can move the system out of its 
range of stability (e.g., homeostasis breaks down at too high or too low a tem-
perature). With no energy inputs, a system starting out in an unstable state will 
continue to change until it reaches a stable configuration (e.g., the temperatures 
of hot and cold objects in contact). Viewed at a given scale, stable systems may 
appear static or dynamic. Conditions and properties of the objects within a system 
affect the rates of energy transfer and thus how fast or slowly a process occurs 
(e.g., heat conduction, the diffusion of particles in a fluid). 

When a system has a great number of component pieces, one may not be 
able to predict much about its precise future. For such systems (e.g., with very 
many colliding molecules), one can often predict average but not detailed prop-
erties and behaviors (e.g., average temperature, motion, and rates of chemical 
change but not the trajectories of particular molecules). 

Grade Band Endpoints for PS2.C

By the end of grade 2. Whether an object stays still or moves often depends on the 
effects of multiple pushes and pulls on it (e.g., multiple players trying to pull an 
object in different directions). It is useful to investigate what pushes and pulls keep 
something in place (e.g., a ball on a slope, a ladder leaning on a wall) as well as 
what makes something change or move. 

By the end of grade 5. A system can change as it moves in one direction (e.g., a 
ball rolling down a hill), shifts back and forth (e.g., a swinging pendulum), or 
goes through cyclical patterns (e.g., day and night). Examining how the forces 
on and within the system change as it moves can help to explain the system’s 
patterns of change. 

A system can appear to be unchanging when processes within the system 
are occurring at opposite but equal rates (e.g., water behind a dam is at a con-
stant height because water is flowing in at the same rate that water is flowing 
out). Changes can happen very quickly or very slowly and are sometimes hard to 
see (e.g., plant growth). Conditions and properties of the objects within a system 
affect how fast or slowly a process occurs (e.g., heat conduction rates).
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By the end of grade 8. A stable system is one in which any small change results 
in forces that return the system to its prior state (e.g., a weight hanging from 
a string). A system can be static but unstable (e.g., a pencil standing on end). 
A system can be changing but have a stable repeating cycle of changes; such 
observed regular patterns allow predictions about the system’s future (e.g., 
Earth orbiting the sun). Many systems, both natural and engineered, rely on 
feedback mechanisms to maintain stability, but they can function only within 
a limited range of conditions. With no energy inputs, a system starting out in 
an unstable state will continue to change until it reaches a stable configuration 
(e.g., sand in an hourglass). 

By the end of grade 12. Systems often change in predictable ways; understanding 
the forces that drive the transformations and cycles within a system, as well as the 
forces imposed on the system from the outside, helps predict its behavior under a 
variety of conditions. 

When a system has a great number of component pieces, one may not be 
able to predict much about its precise future. For such systems (e.g., with very 
many colliding molecules), one can often predict average but not detailed prop-
erties and behaviors (e.g., average temperature, motion, and rates of chemical 
change but not the trajectories or other changes of particular molecules). Systems 
may evolve in unpredictable ways when the outcome depends sensitively on the 
starting condition and the starting condition cannot be specified precisely enough 
to distinguish between different possible outcomes.

Core Idea PS3  Energy

How is energy transferred and conserved?

Interactions of objects can be explained and predicted using the concept of 
transfer of energy from one object or system of objects to another. The total 
energy within a defined system changes only by the transfer of energy into or 
out of the system. 

PS3.A: DEFINITIONS OF ENERGY

What is energy?

That there is a single quantity called energy is due to the remarkable fact that a 
system’s total energy is conserved. Regardless of the quantities of energy transferred 
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between subsystems and stored in various ways within the system, the total 
energy of a system changes only by the amount of energy transferred into and 
out of the system. 

At the macroscopic scale, energy manifests itself in multiple phenomena, 
such as motion, light, sound, electrical and magnetic fields, and thermal energy. 
Historically, different units were introduced for the energy present in these differ-
ent phenomena, and it took some time before the relationships among them were 
recognized. Energy is best understood at the microscopic scale, at which it can be 
modeled as either motions of particles or as stored in force fields (electric, mag-
netic, gravitational) that mediate interactions between particles. This last concept 
includes electromagnetic radiation, a phenomenon in which energy stored in fields 
moves across space (light, radio waves) with no supporting matter medium. 

Motion energy is also called kinetic energy; defined in a given reference 
frame, it is proportional to the mass of the moving object and grows with the 
square of its speed. Matter at any temperature above absolute zero contains ther-
mal energy. Thermal energy is the random motion of particles (whether vibrations 
in solid matter or molecules or free motion in a gas), this energy is distributed 
among all the particles in a system through collisions and interactions at a dis-
tance. In contrast, a sound wave is a moving pattern of particle vibrations that 
transmits energy through a medium. 

Electric and magnetic fields also contain energy; any change in the relative 
positions of charged objects (or in the positions or orientations of magnets) chang-
es the fields between them and thus the amount of energy stored in those fields. 
When a particle in a molecule of solid matter vibrates, energy is continually being 
transformed back and forth between the energy of motion and the energy stored 
in the electric and magnetic fields within the matter. Matter in a stable form mini-
mizes the stored energy in the electric and magnetic fields within it; this defines 
the equilibrium positions and spacing of the atomic nuclei in a molecule or an 
extended solid and the form of their combined electron charge distributions (e.g., 
chemical bonds, metals). 

Energy stored in fields within a system can also be described as potential 
energy. For any system where the stored energy depends only on the spatial con-
figuration of the system and not on its history, potential energy is a useful concept 
(e.g., a massive object above Earth’s surface, a compressed or stretched spring). It is 
defined as a difference in energy compared to some arbitrary reference configura-
tion of a system. For example, lifting an object increases the stored energy in the 
gravitational field between that object and Earth (gravitational potential energy) 
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compared to that for the object at Earth’s surface; when the object falls, the stored 
energy decreases and the object’s kinetic energy increases. When a pendulum 
swings, some stored energy is transformed into kinetic energy and back again into 
stored energy during each swing. (In both examples energy is transferred out of the 
system due to collisions with air and for the pendulum also by friction in its sup-
port.) Any change in potential energy is accompanied by changes in other forms of 

energy within the system, or by energy 
transfers into or out of the system.

Electromagnetic radiation (such 
as light and X-rays) can be modeled as 
a wave of changing electric and mag-
netic fields. At the subatomic scale (i.e., 
in quantum theory), many phenomena 
involving electromagnetic radiation 
(e.g., photoelectric effect) are best mod-
eled as a stream of particles called pho-
tons. Electromagnetic radiation from 
the sun is a major source of energy for 
life on Earth.

The idea that there are different 
forms of energy, such as thermal energy, 
mechanical energy, and chemical energy, 
is misleading, as it implies that the 

nature of the energy in each of these manifestations is distinct when in fact they 
all are ultimately, at the atomic scale, some mixture of kinetic energy, stored ener-
gy, and radiation. It is likewise misleading to call sound or light a form of energy; 
they are phenomena that, among their other properties, transfer energy from place 
to place and between objects. 

Grade Band Endpoints for PS3.A

By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. The faster a given object is moving, the more energy it pos-
sesses. Energy can be moved from place to place by moving objects or through 
sound, light, or electric currents. (Boundary: At this grade level, no attempt is 
made to give a precise or complete definition of energy.)
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By the end of grade 8. Motion energy is properly called kinetic energy; it is pro-
portional to the mass of the moving object and grows with the square of its speed. 
A system of objects may also contain stored (potential) energy, depending on their 
relative positions. For example, energy is stored—in gravitational interaction with 
Earth—when an object is raised, and energy is released when the object falls or is 
lowered. Energy is also stored in the electric fields between charged particles and 
the magnetic fields between magnets, and it changes when these objects are moved 
relative to one another. Stored energy is decreased in some chemical reactions and 
increased in others.

The term “heat” as used in everyday language refers both to thermal energy 
(the motion of atoms or molecules within a substance) and energy transfers by 
convection, conduction, and radiation (particularly infrared and light). In science, 
heat is used only for this second meaning; it refers to energy transferred when two 
objects or systems are at different temperatures. Temperature is a measure of the 
average kinetic energy of particles of matter. The relationship between the temper-
ature and the total energy of a system depends on the types, states, and amounts 
of matter present.

By the end of grade 12. 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 ener-
gy is conserved, even as, within the system, energy is continually transferred from 
one object to another and between its various possible forms. At the macroscopic 
scale, energy manifests itself in multiple ways, such as in motion, sound, light, 
and thermal energy. “Mechanical energy” generally refers to some combination of 
motion and stored energy in an operating machine. “Chemical energy” generally is 
used to mean the energy that can be released or stored in chemical processes, and 
“electrical energy” may mean energy stored in a battery or energy transmitted by 
electric currents. Historically, different units and names were used for the energy 
present in these different phenomena, and it took some time before the relation-
ships between them were recognized. These relationships are better understood at 

❚ At the macroscopic scale, energy manifests itself in multiple 

phenomena, such as motion, light, sound, electrical and magnetic fields, 

and thermal energy. ❚
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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 phenom-
enon in which energy stored in fields moves across space. 

PS3.B: CONSERVATION OF ENERGY AND ENERGY TRANSFER

What is meant by conservation of energy?
How is energy transferred between objects or systems?

The total change of energy in any system is always equal to the total energy trans-
ferred into or out of the system. This is called conservation of energy. Energy can-
not be created or destroyed, but it can be transported from one place to another 
and transferred between systems. Many different types of phenomena can be 
explained in terms of energy transfers. Mathematical expressions, which quantify 
changes in the forms of energy within a system and transfers of energy into or out 
of the system, allow the concept of conservation of energy to be used to predict 
and describe the behavior of a system. 

When objects collide or otherwise come in contact, the motion energy of one 
object can be transferred to change the motion or stored energy (e.g., change in 
shape or temperature) of the other objects. For macroscopic objects, any such pro-
cess (e.g., collisions, sliding contact) also transfers some of the energy to the sur-
rounding air by sound or heat. For molecules, collisions can also result in energy 
transfers through chemical processes, which increase or decrease the total amount 
of stored energy within a system of atoms; the change in stored energy is always 
balanced by a change in total kinetic energy—that of the molecules present after 
the process compared with the kinetic energy of the molecules present before it. 

Energy can also be transferred from place to place by electric currents. 
Heating is another process for transferring energy. Heat transfer occurs when two 
objects or systems are at different temperatures. Energy moves out of higher tem-
perature objects and into lower temperature ones, cooling the former and heating 
the latter. This transfer happens in three different ways—by conduction within sol-
ids, by the flow of liquid or gas (convection), and by radiation, which can travel 
across space. Even when a system is isolated (such as Earth in space), energy is 
continually being transferred into and out of it by radiation. The processes under-
lying convection and conduction can be understood in terms of models of the pos-
sible motions of particles in matter.
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 Radiation can be emitted or absorbed by matter. When matter absorbs 
light or infrared radiation, the energy of that radiation is transformed to thermal 
motion of particles in the matter, or, for shorter wavelengths (ultraviolet, X-ray), 
the radiation’s energy is absorbed within the atoms or molecules and may possibly 
ionize them by knocking out an electron. 

Uncontrolled systems always evolve toward more stable states—that is, 
toward more uniform energy distribution within the system or between the sys-
tem and its environment (e.g., water flows downhill, objects that are hotter than 
their surrounding environment cool down). Any object or system that can degrade 
with no added energy is unstable. Eventually it will change or fall apart, although 
in some cases it may remain in the unstable state for a long time before decaying 
(e.g., long-lived radioactive isotopes).

Grade-Level Endpoints for PS3.B

By the end of grade 2. Sunlight warms Earth’s surface. 

By the end of grade 5. Energy is present whenever 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. 

Light also transfers energy from place to place. For example, energy radiated 
from the sun is transferred to Earth by light. When this light is absorbed, it warms 
Earth’s land, air, and water and facilitates plant growth. 

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 cur-
rents may have been produced to begin with by transforming the energy of motion 
into electrical energy (e.g., moving water driving a spinning turbine which gener-
ates electric currents).

By the end of grade 8. When the motion energy of an object changes, there 
is inevitably some other change in energy at the same time. For example, the 
friction that causes a moving object to stop also results in an increase in the 
thermal energy in both surfaces; eventually heat energy is transferred to the sur-
rounding environment as the surfaces cool. Similarly, to make an object start 
moving or to keep it moving when friction forces transfer energy away from it, 
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energy must be provided from, say, chemical (e.g., 
burning fuel) or electrical (e.g., an electric motor 
and a battery) processes.

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. Energy 
is transferred out of hotter regions or objects and 
into colder ones by the processes of conduction, 
convection, and radiation. 

By the end of grade 12. Conservation of energy means that the total change of 
energy in any system is always equal to the total energy transferred into or out of 
the system. Energy cannot be created or destroyed, but it can be transported from 
one place to another and transferred between systems.

Mathematical expressions, which quantify how the stored energy in a sys-
tem depends on its configuration (e.g., relative positions of charged particles, com-
pression 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. The availability of energy limits what can occur in any system.

Uncontrolled systems always evolve toward more stable states—that is, 
toward more uniform energy distribution (e.g., water flows downhill, objects hot-
ter than their surrounding environment cool down). Any object or system that 
can degrade with no added energy is unstable. Eventually it will do so, but if the 
energy releases throughout the transition are small, the process duration can be 
very long (e.g., long-lived radioactive isotopes).

PS3.C RELATIONSHIP BETWEEN ENERGY AND FORCES

How are forces related to energy?

When two objects interact, each one exerts a force on the other. These forces can 
transfer energy between the objects. Forces between two objects at a distance 
are explained by force fields (gravitational, electric, or magnetic) between them. 
Contact forces between colliding objects can be modeled at the microscopic level 
as due to electromagnetic force fields between the surface particles. When two 
objects interacting via a force field change their relative position, the energy in the 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

Dimension 3: Disciplinary Core Ideas—Physical Sciences 127

force field between them changes. For any such pair of objects the force on each 
object acts in the direction such that motion of that object in that direction would 
reduce the energy in the force field between the two objects. However, prior 
motion and other forces also affect the actual direction of motion. 

Patterns of motion, such as a weight bobbing on a spring or a swinging 
pendulum, can be understood in terms of forces at each instant or in terms of 
transformation of energy between the motion and one or more forms of stored 
energy. Elastic collisions between two objects can be modeled at the macro-
scopic scale using conservation of energy without having to examine the detailed 
microscopic forces. 

Grade Band Endpoints for PS3.C

By the end of grade 2. A bigger push or pull makes things go faster. Faster speeds 
during a collision can cause a bigger change in shape of the colliding objects.

By the end of grade 5. When objects collide, the contact forces transfer energy so 
as to change the objects’ motions. Magnets can exert forces on other magnets or 
on magnetizable materials, causing energy transfer between them (e.g., leading to 
changes in motion) even when the objects are not touching. 

By the end of grade 8. When two objects interact, each one exerts a force on the 
other that can cause energy to be transferred to or from the object. For example, 
when energy is transferred to an Earth-object system as an object is raised, the 
gravitational field energy of the system increases. This energy is released as the 
object falls; the mechanism of this release is the gravitational force. Likewise, two 
magnetic and electrically charged objects interacting at a distance exert forces on 
each other that can transfer energy between the interacting objects.

By the end of grade 12. Force fields (gravitational, electric, and magnetic) contain 
energy and can transmit energy across space from one object to another. 

When two objects interacting through a force field change relative position, 
the energy stored in the force field is changed. Each force between the two inter-
acting objects acts in the direction such that motion in that direction would reduce 
the energy in the force field between the objects. However, prior motion and other 
forces also affect the actual direction of motion. 
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PS3.D: ENERGY IN CHEMICAL PROCESSES AND EVERYDAY LIFE

How do food and fuel provide energy? 
If energy is conserved, why do people say it is produced or used?

In ordinary language, people speak of “producing” or “using” energy. This refers 
to the fact that energy in concentrated form is useful for generating electricity, 
moving or heating objects, and producing light, whereas diffuse energy in the envi-
ronment is not readily captured for practical use. Therefore, to produce energy 
typically means to convert some stored energy into a desired form—for example, 
the stored energy of water behind a dam is released as the water flows downhill 
and drives a turbine generator to produce electricity, which is then delivered to 
users through distribution systems. Food, fuel, and batteries are especially conve-
nient energy resources because they can be moved from place to place to provide 
processes that release energy where needed. A system does not destroy energy 
when carrying out any process. However, the process cannot occur without energy 
being available. The energy is also not destroyed by the end of the process. Most 
often some or all of it has been transferred to heat the surrounding environment; 
in the same sense that paper is not destroyed when it is written on, it still exists 
but is not readily available for further use. 

Naturally occurring food and fuel contain complex carbon-based mole-
cules, chiefly derived from plant matter that has been formed by photosynthesis. 
The chemical reaction of these molecules with oxygen releases energy; such reac-
tions provide energy for most animal life and for residential, commercial, and 
industrial activities.

Electric power generation is based on fossil fuels (i.e., coal, oil, and natural 
gas), nuclear fission, or renewable resources (e.g., solar, wind, tidal, geothermal, 
and hydro power). Transportation today chiefly depends on fossil fuels, but the 
use of electric and alternative fuel (e.g., hydrogen, biofuel) vehicles is increasing. 
All forms of electricity generation and transportation fuels have associated eco-
nomic, social, and environmental costs and benefits, both short and long term. 
Technological advances and regulatory decisions can change the balance of those 
costs and benefits. 

Although energy cannot be destroyed, it can be converted to less useful 
forms. In designing a system for energy storage, for energy distribution, or to 
perform some practical task (e.g., to power an airplane), it is important to design 
for maximum efficiency—thereby ensuring that the largest possible fraction of 
the energy is used for the desired purpose rather than being transferred out of the 
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system in unwanted ways (e.g., through friction, which eventually results in heat 
energy transfer to the surrounding environment). Improving efficiency reduces 
costs, waste materials, and many unintended environmental impacts. 

Grade Band Endpoints for PS3.D

By the end of grade 2. When two objects rub against each other, this interaction is 
called friction. Friction between two surfaces can warm of both of them (e.g., rub-
bing hands together). There are ways to reduce the friction between two objects. 

By the end of grade 5. The expression “produce energy” typically refers to the 
conversion of stored energy into a desired form for practical use—for example, 
the stored energy of water behind a dam is released so that it flows downhill 

and drives a turbine generator to pro-
duce electricity. Food and fuel also 
release energy when they are digested 
or burned. When machines or animals 
“use” energy (e.g., to move around), 
most often the energy is transferred to 
heat the surrounding environment.

The energy released by burning fuel 
or digesting food was once energy from 
the sun that was captured by plants in the 
chemical process that forms plant matter 
(from air and water). (Boundary: The fact 
that plants capture energy from sunlight is 
introduced at this grade level, but details 
of photosynthesis are not.) 

It is important to be able to concentrate energy so that it is available for use 
where and when it is needed. For example, batteries are physically transportable 
energy storage devices, whereas electricity generated by power plants is transferred 
from place to place through distribution systems. 

By the end of grade 8. 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. (Boundary: Further details of the photosynthesis 
process are not taught at this grade level.) 
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Both the burning of fuel and cellular digestion in plants and animals involve 
chemical reactions with oxygen that release stored energy. In these processes, com-
plex molecules containing carbon react with oxygen to produce carbon dioxide 
and other materials. 

Machines can be made more efficient, that is, require less fuel input to per-
form a given task, by reducing friction between their moving parts and through 
aerodynamic design. Friction increases energy transfer to the surrounding environ-
ment by heating the affected materials.

By the end of grade 12. Nuclear fusion processes in the center of the sun release 
the energy that ultimately reaches Earth as radiation. The main way in which that 
solar energy is captured and stored on Earth is through the complex chemical pro-
cess known as photosynthesis. Solar cells are human-made devices that likewise 
capture the sun’s energy and produce electrical energy.

A variety of multistage physical and chemical processes in living organisms, 
particularly within their cells, account for the transport and transfer (release or 
uptake) of energy needed for life functions. 

All forms of electricity generation and transportation fuels have associated 
economic, social, and environmental costs and benefits, both short and long term. 

Although energy cannot be destroyed, it can be converted to less useful 
forms—for example, to thermal energy in the surrounding environment. Machines 
are judged as efficient or inefficient based on the amount of energy input needed 
to perform a particular useful task. Inefficient machines are those that produce 
more waste heat while performing a task and thus require more energy input. It is 
therefore important to design for high efficiency so as to reduce costs, waste mate-
rials, and many environmental impacts.

Core Idea PS4  Waves and Their Applications in Technologies for Information 
Transfer

How are waves used to transfer energy and information?

Waves are a repeating pattern of motion that transfers energy from place to place 
without overall displacement of matter. Light and sound are wavelike phenomena. 
By understanding wave properties and the interactions of electromagnetic radia-
tion with matter, scientists and engineers can design systems for transferring infor-
mation across long distances, storing information, and investigating nature on 
many scales—some of them far beyond direct human perception. 
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PS4.A: WAVE PROPERTIES

What are the characteristic properties and behaviors of waves?

Whether a wave in water, a sound wave, or a light wave, all waves have some fea-
tures in common. A simple wave has a repeating pattern of specific wavelength, 
frequency, and amplitude. The wavelength and frequency of a wave are related 
to one another by the speed of travel of the wave, which, for each type of wave, 
depends on the medium in which the wave is traveling. Waves can be combined 
with other waves of the same type to produce complex information-containing 
patterns that can be decoded at the receiving end. Waves, which transfer energy 
and any encoded information without the bulk motion of matter, can travel 
unchanged over long distances, pass through other waves undisturbed, and be 
detected and decoded far from where they were produced. Information can be 
digitized (converted into a numerical representation), sent over long distances as a 
series of wave pulses, and reliably stored in computer memory.

Sound is a pressure wave in 
air or any other material medium. 
The human ear and brain working 
together are very good at detecting 
and decoding patterns of informa-
tion in sound (e.g., speech and 
music) and distinguishing them 
from random noise. 

Resonance is a phenomenon 
in which waves add up in phase 
(i.e., matched peaks and val-
leys), thus growing in amplitude. 
Structures have particular frequen-
cies at which they resonate when 
some time-varying force acting 
on them transfers energy to them. 
This phenomenon (e.g., waves in a 
stretched string, vibrating air in a pipe) is used in the design of all musical instru-
ments and in the production of sound by the human voice.

 When a wave passes an object that is small compared with its wavelength, 
the wave is not much affected; for this reason, some things are too small to see 
with visible light, which is a wave phenomenon with a limited range of wavelengths 
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corresponding to each color. When a wave meets the surface between two differ-
ent materials or conditions (e.g., air to water), part of the wave is reflected at that 
surface and another part continues on, but at a different speed. The change of 
speed of the wave when passing from one medium to another can cause the wave 
to change direction or refract. These wave properties are used in many applications 
(e.g., lenses, seismic probing of Earth).

Grade Band Endpoints for PS4.A

By the end of grade 2. Waves, which are regular 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—observe, for example, a bobbing cork or seabird—except when the 
water meets the beach. 

Sound can make matter vibrate, and vibrating matter can make sound. 

By the end of grade 5. Waves of the same type can differ in amplitude (height of 
the wave) and wavelength (spacing between wave peaks). 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 with-
out getting mixed up.)

Earthquakes cause seismic waves, which are waves of motion in Earth’s crust. 

By the end of grade 8. A simple wave has a repeating pattern with a specific 
wavelength, frequency, and amplitude. A sound wave needs a medium through 
which it is transmitted. 

Geologists use seismic waves and their reflection at interfaces between layers 
to probe structures deep in the planet.

By the end of grade 12. The wavelength and frequency of a 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. The reflection, refraction, and 
transmission of waves at an interface between two media can be modeled on the 
basis of these properties. 

Combining waves of different frequencies can make a wide variety of pat-
terns and thereby encode and transmit information. Information can be digitized 
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(e.g., a picture stored as the 
values of an array of pixels); in 
this form, it can be stored reli-
ably in computer memory and 
sent over long distances as a 
series of wave pulses.

Resonance is a phenom-
enon in which waves add up 
in phase in a structure, grow-
ing in amplitude due to energy 
input near the natural vibra-
tion frequency. Structures have 
particular frequencies at which 
they resonate. This phenomenon 
(e.g., waves in a stretched string, 
vibrating air in a pipe) is used in 
speech and in the design of all 
musical instruments.

PS4.B: ELECTROMAGNETIC RADIATION 

What is light? 
How can one explain the varied effects that involve light? 
What other forms of electromagnetic radiation are there?

Electromagnetic radiation (e.g., radio, microwaves, light) can be modeled as a 
wave pattern of changing electric and magnetic fields or, alternatively, as particles. 
Each model is useful for understanding aspects of the phenomenon and its inter-
actions with matter, and quantum theory relates the two models. Electromagnetic 

❚ By understanding wave properties and the interactions of 

electromagnetic radiation with matter, scientists and engineers can 

design systems for transferring information across long distances, storing 

information, and investigating nature on many scales—some of them far 

beyond direct human perception. ❚
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waves can be detected over a wide range of 
frequencies, of which the visible spectrum of 
colors detectable by human eyes is just a small 
part. Many modern technologies are based on 
the manipulation of electromagnetic waves. 

All electromagnetic radiation travels 
through a vacuum at the same speed, called 
the speed of light. Its speed in any given medi-
um depends on its wavelength and the proper-
ties of that medium. At the surface between 
two media, like any wave, light can be reflect-
ed, refracted (its path bent), or absorbed. 
What occurs depends on properties of the 
surface and the wavelength of the light. When 
shorter wavelength electromagnetic radiation 
(ultraviolet, X-rays, gamma rays) is absorbed 
in matter, it can ionize atoms and cause dam-
age to living cells. However, because X-rays 
can travel through soft body matter for some 

distance but are more rapidly absorbed by denser matter, particularly bone, they 
are useful for medical imaging. Photovoltaic materials emit electrons when they 
absorb light of a high-enough frequency. This phenomenon is used in barcode 
scanners and “electric eye” systems, as well as in solar cells. It is best explained 
using a particle model of light.

Any object emits a spectrum of electromagnetic radiation that depends on 
its temperature. In addition, atoms of each element emit and preferentially absorb 
characteristic frequencies of light. These spectral lines allow identification of the 
presence of the element, even in microscopic quantities or for remote objects, such 
as a star. Nuclear transitions that emit or absorb gamma radiation also have dis-
tinctive gamma ray wavelengths, a phenomenon that can be used to identify and 
trace specific radioactive isotopes.

Grade Band Endpoints for PS4.B

By the end of grade 2. Objects can be seen only when light is available to illumi-
nate them. Very hot objects give off light (e.g., a fire, the sun).

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 
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surface beyond them (i.e., on the other side from the light source), where the light 
cannot reach. Mirrors and prisms 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.)

By the end of grade 5. A great deal of light travels through space to Earth from 
the sun and from distant stars. 

An object can be seen when light reflected from its surface enters the eyes; 
the color people see depends on the color of the available light sources as well as 
the properties of the surface. (Boundary: This phenomenon is observed, but no 
attempt is made to discuss what confers the color reflection and absorption prop-
erties on a surface. The stress is on understanding that light traveling from the 
object to the eye determines what is seen.)

Because lenses bend light beams, they can be used, singly or in combination, 
to provide magnified images of objects too small or too far away to be seen with 
the naked eye.

By the end of grade 8. When light shines on an object, it is reflected, absorbed, 
or transmitted through the object, depending on the object’s material and the fre-
quency (color) of the light.

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. Lenses and prisms are applications of this effect. 

A wave model of light is useful for explaining brightness, color, and the 
frequency-dependent bending of light at a surface between media (prisms). 
However, because light can travel through space, it cannot be a matter wave, like 
sound or water waves. 

By the end of grade 12. Electromagnetic radiation (e.g., radio, 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 electro-
magnetic radiation, and the particle model explains other features. Quantum theo-
ry relates the two models. (Boundary: Quantum theory is not explained further at 
this grade level.) 

Because a wave is not much disturbed by objects that are small compared 
with its wavelength, visible light cannot be used to see such objects as individual 
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atoms. All electromagnetic radiation travels through a vacuum at the same speed, 
called the speed of light. Its speed in any other given medium depends on its wave-
length and the properties of that medium.

When light or longer wavelength 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. Photovoltaic materials emit electrons when they 
absorb light of a high-enough frequency.

Atoms of each element emit and absorb characteristic frequencies of light, and 
nuclear transitions have distinctive gamma ray wavelengths. These characteristics 
allow identification of the presence of an element, even in microscopic quantities.

PS4.C: INFORMATION TECHNOLOGIES AND INSTRUMENTATION

How are instruments that transmit and detect waves used to extend human senses?

Understanding of waves and their interactions with matter has been used to design 
technologies and instruments that greatly extend the range of phenomena that can 

be investigated by science (e.g., telescopes, micro-
scopes) and have many useful applications in the 
modern world.

Light waves, radio waves, microwaves, and 
infrared waves are applied to communications sys-
tems, many of which use digitized signals (i.e., sent 
as wave pulses) as a more reliable way to convey 
information. Signals that humans cannot sense 
directly can be detected by appropriately designed 
devices (e.g., telescopes, cell phones, wired or wire-
less computer networks). When in digitized form, 
information can be recorded, stored for future 
recovery, and transmitted over long distances with-
out significant degradation. 

Medical imaging devices collect and interpret 
signals from waves that can travel through the 
body and are affected by, and thus gather infor-

mation about, structures and motion within it (e.g., ultrasound, X-rays). Sonar 
(based on sound pulses) can be used to measure the depth of the sea, and a system 
based on laser pulses can measure the distance to objects in space, because it is 
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known how fast sound travels in water and light travels in a vacuum. The better 
the interaction of the wave with the medium is understood, the more detailed the 
information that can be extracted (e.g., medical imaging or astronomical observa-
tions at multiple frequencies).

Grade Band Endpoints for PS4.C

By the end of grade 2. People use their senses to learn about the world around 
them. Their eyes detect light, their ears detect sound, and they can feel vibrations 
by touch.

People also use a variety of devices to communicate (send and receive infor-
mation) over long distances.

By the end of grade 5. Lenses can be used to make eyeglasses, telescopes, or 
microscopes in order to extend what can be seen. The design of such instruments 
is based on understanding how the path of light bends at the surface of a lens.

Digitized information (e.g., the pixels of a picture) can be stored for future 
recovery or 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. 

By the end of grade 8. Appropriately designed technologies (e.g., radio, television, 
cell phones, wired and wireless computer networks) make it possible to detect and 
interpret many types of signals that cannot be sensed directly. Designers of such 
devices must understand both the signal and its interactions with matter.

Many modern communication devices use digitized signals (sent as wave 
pulses) as a more reliable way to encode and transmit information. 

By the end of grade 12. Multiple technologies based on the 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 sig-
nals and for storing and interpreting the information contained in them. 

Knowledge of quantum physics enabled the development of semiconductors, 
computer chips, and lasers, all of which are now essential components of modern 
imaging, communications, and information technologies. (Boundary: Details of 
quantum physics are not formally taught at this grade level.)
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The life sciences focus on patterns, processes, and relationships of living 
organisms. Life is self-contained, self-sustaining, self-replicating, and evolv-
ing, operating according to laws of the physical world, as well as genetic 

programming. Life scientists use observations, experiments, hypotheses, tests, 
models, theory, and technology to explore how life works. The study of life ranges 
over scales from single molecules, through organisms and ecosystems, to the 
entire biosphere, that is all life on Earth. It examines processes that occur on time 
scales from the blink of an eye to those that happen over billions of years. Living 
systems are interconnected and interacting. Although living organisms respond 
to the physical environment or geosphere, they have also fundamentally changed 
Earth over evolutionary time. Rapid advances in life sciences are helping to pro-
vide biological solutions to societal problems related to food, energy, health, and 
environment. 

From viruses and bacteria to plants to fungi to animals, the diversity of 
the millions of life forms on Earth is astonishing. Without unifying principles, it 
would be difficult to make sense of the living world and apply those understand-
ings to solving problems. A core principle of the life sciences is that all organ-
isms are related by evolution and that evolutionary processes have led to the 
tremendous diversity of the biosphere. There is diversity within species as well as 
between species. Yet what is learned about the function of a gene or a cell or a 
process in one organism is relevant to other organisms because of their ecologi-
cal interactions and evolutionary relatedness. Evolution and its underlying genetic 

6
Dimension 3
DISCIPLINARY CORE IDEAS  —LIFE SCIENCES
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mechanisms of inheritance and variability are key to understanding both the unity 
and the diversity of life on Earth.

The committee developed four core ideas reflecting unifying principles in 
life sciences. These core ideas are essential for a conceptual understanding of the 
life sciences and will enable students to make sense of emerging research findings. 
We begin at the level of organisms, delving into the many processes and struc-
tures, at scales ranging from components as small as individual atoms to organ 
systems that are necessary for life to be sustained. Our focus then broadens to 
consider organisms in their environment—how they interact with the environ-
ment’s living (biotic) and physical (abiotic) features. Next the chapter considers 
how organisms reproduce, passing genetic information to their offspring, and 
how these mechanisms lead to variability and hence diversity within species. 
Finally, the core ideas in the life sciences culminate with the principle that evolu-
tion can explain how the diversity that is observed within species has led to the 
diversity of life across species through a process of descent with adaptive modifi-
cation. Evolution also accounts for the remarkable similarity of the fundamental 
characteristics of all species. 

The first core idea, LS1: From Molecules to Organisms: Structures and 
Processes, addresses how individual organisms are configured and how these 
structures function to support life, growth, behavior, and reproduction. The first 
core idea hinges on the unifying principle that cells are the basic unit of life.

The second core idea, LS2: Ecosystems: Interactions, Energy, and Dynamics, 
explores organisms’ interactions with each other and their physical environment. 
This includes how organisms obtain resources, how they change their environ-
ment, how changing environmental factors affect organisms and ecosystems, how 
social interactions and group behavior play out within and between species, and 
how these factors all combine to determine ecosystem functioning. 

The third core idea, LS3: Heredity: Inheritance and Variation of Traits 
across generations, focuses on the flow of genetic information between genera-
tions. This idea explains the mechanisms of genetic inheritance and describes 
the environmental and genetic causes of gene mutation and the alteration of 
gene expression. 

The fourth core idea, LS4: Biological Evolution: Unity and Diversity, 
explores “changes in the traits of populations of organisms over time” [1] 
and the factors that account for species’ unity and diversity alike. The section 
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❚ Evolution and its underlying genetic mechanisms of inheritance and 

variability are key to understanding both the unity and the diversity of 

life on Earth. ❚

begins with a discussion of the converging evidence for shared ancestry that has 
emerged from a variety of sources (e.g., comparative anatomy and embryology, 
molecular biology and genetics). It describes how variation of genetically deter-
mined traits in a population may give some members a reproductive advantage 
in a given environment. This natural selection can lead to adaptation, that is, to 
a distribution of traits in the population that is matched to and can change with 
environmental conditions. Such adaptations can eventually lead to the develop-
ment of separate species in separated populations. Finally, the idea describes the 
factors, including human activity, that affect biodiversity in an ecosystem, and 
the value of biodiversity in ecosystem resilience. See Box 6-1 for a summary of 
these four core ideas and their components. 

These four core ideas, which represent basic life sciences fields of 
investigation—structures and processes in organisms, ecology, heredity, and 
evolution—have a long history and solid foundation based on the research evi-
dence established by many scientists working across multiple fields. The role 
of unifying principles in advancing modern life sciences is articulated in The 
Role of Theory in Advancing 21st-Century Biology and A New Biology for the 
21st Century [2, 3]. In developing these core ideas, the committee also drew on 
the established K-12 science education literature, including National Science 
Education Standards and Benchmarks for Science Literacy [4, 5]. The ideas 
also incorporate contemporary documents, such as the Science College Board 
Standards for College Success [6], and the ideas are consistent with frame-
works for national and international assessments, such as those of the National 
Assessment of Educational Progress (NAEP), the Programme for International 
Student Assessment (PISA), and the Trends in International Mathematics and 
Science Study (TIMSS) [7-9]. Furthermore, the ideas align with the core concepts 
for biological literacy for undergraduates to build on as described in the American 
Association for the Advancement of Science (AAAS) report Vision and Change in 
Undergraduate Biology Education [10]. 
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CORE AND COMPONENT IDEAS IN THE LIFE SCIENCES

Core Idea LS1: From Molecules to Organisms: Structures and Processes

 LS1.A: Structure and Function

 LS1.B: Growth and Development of Organisms

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

 LS1.D: Information Processing

Core Idea 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

Core Idea LS3: Heredity: Inheritance and Variation of Traits

 LS3.A: Inheritance of Traits

 LS3.B: Variation of Traits

Core Idea 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

BOX 6-1
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Core Idea LS1 From Molecules to Organisms: Structures and Processes

How do organisms live, grow, respond to their environment, and reproduce?

All living organisms are made of cells. Life is the quality that distinguishes living 
things—composed of living cells—from nonliving objects or those that have died. 
While a simple definition of life can be difficult to capture, all living things—that 
is to say all organisms—can be characterized by common aspects of their structure 
and functioning. Organisms are complex, organized, and built on a hierarchical 
structure, with each level providing the foundation for the next, from the chemical 
foundation of elements and atoms, to the cells and systems of individual organ-
isms, to species and populations living and interacting in complex ecosystems. 
Organisms can be made of a single cell or millions of cells working together and 
include animals, plants, algae, fungi, bacteria, and all other microorganisms. 

Organisms respond to stimuli from their environment and actively maintain 
their internal environment through homeostasis. They grow and reproduce, trans-
ferring their genetic information to their offspring. While individual organisms 
carry the same genetic information over their lifetime, mutation and the transfer 
from parent to offspring produce new combinations of genes. Over generations 
natural selection can lead to changes in a species overall; hence, species evolve 
over time. To maintain all of these processes and functions, organisms require 
materials and energy from their environment; nearly all energy that sustains life 
ultimately comes from the sun.

LS1.A: STRUCTURE AND FUNCTION

How do the structures of organisms enable life’s functions?

A central feature of life is that organisms grow, reproduce, and 
die. They have characteristic structures (anatomy and morphol-
ogy), functions (molecular-scale processes to organism-level 
physiology), and behaviors (neurobiology and, for some animal 
species, psychology). Organisms and their parts are made of 
cells, which are the structural units of life and which themselves 
have molecular substructures that support their functioning. 
Organisms range in composition from a single cell (unicellular 
microorganisms) to multicellular organisms, in which different 
groups of large numbers of cells work together to form systems 
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of tissues and organs (e.g., circulatory, respiratory, nervous, musculoskeletal), that 
are specialized for particular functions.

Special structures within cells are also responsible for specific cellular func-
tions. The essential functions of a cell involve chemical reactions between many 
types of molecules, including water, proteins, carbohydrates, lipids, and nucleic 
acids. All cells contain genetic information, in the form of DNA. Genes are specif-
ic regions within the extremely large DNA molecules that form the chromosomes. 
Genes contain the instructions that code for the formation of molecules called pro-
teins, which carry out most of the work of cells to perform the essential functions 
of life. That is, proteins provide structural components, serve as signaling devices, 
regulate cell activities, and determine the performance of cells through their enzy-
matic actions.

Grade Band Endpoints for LS1.A

By the end of grade 2. 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 sur-
vive, grow, and produce more plants.

By the end of grade 5. Plants and animals have both internal and external struc-
tures that serve various functions in growth, survival, behavior, and reproduction. 
(Boundary: Stress at this grade level is on understanding the macroscale systems 
and their function, not microscopic processes.)

By the end of grade 8. All living things are made up of cells, which is the smallest 
unit that can be said to be alive. An organism may consist of one single cell (uni-
cellular) or many different numbers and types of cells (multicellular). Unicellular 
organisms (microorganisms), like multicellular organisms, need food, water, a way 
to dispose of waste, and an environment in which they can live. 

Within cells, special structures are responsible for particular functions, and 
the cell membrane forms the boundary that controls what enters and leaves the 
cell. In multicellular organisms, the body is a system of multiple interacting sub-
systems. These subsystems are groups of cells that work together to form tissues 
or organs that are specialized for particular body functions. (Boundary: At this 
grade level, only a few major cell structures should be introduced.)
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By the end of grade 12. Systems of specialized cells within organisms help them 
perform the essential functions of life, which involve chemical reactions that take 
place between different types of molecules, such as water, proteins, carbohydrates, 
lipids, and nucleic acids. All cells contain genetic information in the form of 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. 

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. Feedback mechanisms maintain a living system’s internal conditions 
within certain limits and mediate behaviors, allowing it to remain alive and func-
tional even as external conditions change within some range. Outside that range 
(e.g., at a too high or too low external temperature, with too little food or water 
available), the organism cannot survive. Feedback mechanisms can encourage 
(through positive feedback) or discourage (negative feedback) what is going on 
inside the living system.

LS1.B: GROWTH AND DEVELOPMENT OF ORGANISMS

How do organisms grow and develop?

The characteristic structures, functions, and behaviors of organisms change in 
predictable ways as they progress from birth to old age. For example, upon reach-
ing adulthood, organisms can reproduce and transfer their genetic information to 
their offspring. Animals engage in behaviors that increase their chances for repro-
duction, and plants may develop specialized structures and/or depend on animal 
behavior to accomplish reproduction.

Understanding how a single cell can give rise to a complex, multicellular 
organism builds on the concepts of cell division and gene expression. In multi-
cellular organisms, cell division is an essential component of growth, development, 
and repair. Cell division occurs via a process called mitosis: when a cell divides in 
two, it passes identical genetic material to two daughter cells. Successive divisions 
produce many cells. Although the genetic material in each of the cells is identical, 
small differences in the immediate environments activate or inactivate different 
genes, which can cause the cells to develop slightly differently. This process of 
differentiation allows the body to form specialized cells that perform diverse func-
tions, even though they are all descended from a single cell, the fertilized egg. Cell 
growth and differentiation are the mechanisms by which a fertilized egg develops 
into a complex organism. In sexual reproduction, a specialized type of cell division 
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called meiosis occurs and results in the production of sex cells, such as gametes 
(sperm and eggs) or spores, which contain only one member from each chromo-
some pair in the parent cell.

Grade Band Endpoints for LS1.B

By the end of grade 2. Plants and animals have predictable characteristics at dif-
ferent stages of development. Plants and animals grow and change. 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.

By the end of grade 5. Reproduction is essential to the continued existence of 
every kind of organism. Plants and animals have unique and diverse life cycles 
that include being born (sprouting in plants), growing, developing into adults, 
reproducing, and eventually dying. 

By the end of grade 8. Organisms reproduce, either sexually or asexually, and 
transfer their genetic information to their offspring. Animals engage in characteris-
tic behaviors that increase the odds of reproduction. Plants reproduce in a variety 

of ways, sometimes depending on animal 
behavior and specialized features (such as 
attractively colored flowers) for reproduc-
tion. Plant growth can continue throughout 
the plant’s life through production of plant 
matter in photosynthesis. Genetic factors 
as well as local conditions affect the size of 
the adult plant. The growth of an animal is 
controlled by genetic factors, food intake, 
and interactions with other organisms, and 
each species has a typical adult size range. 
(Boundary: Reproduction is not treated in 
any detail here; for more specifics about 
grade level, see LS3.A.) 

By the end of grade 12. In multicellular organisms individual cells grow and then 
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 
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of each chromosome pair) to both daughter cells. As successive subdivisions of 
an embryo’s cells occur, programmed genetic instructions and small differences 
in their immediate environments activate or inactivate different genes, which 
cause the cells to develop differently—a process called differentiation. Cellular 
division and differentiation produce and maintain a complex organism, com-
posed of systems of tissues and organs that work together to meet the needs of 
the whole organism. In sexual reproduction, a specialized type of cell division 
called meiosis occurs that results in the production of sex cells, such as gametes 
in animals (sperm and eggs), which contain only one member from each chro-
mosome pair in the parent cell.

LS1.C: ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS

How do organisms obtain and use the matter and energy they need to live and grow?

Sustaining life requires substantial energy and matter inputs. The complex struc-
tural organization of organisms accommodates the capture, transformation, trans-
port, release, and elimination of the matter and energy needed to sustain them. 
As matter and energy flow through different organizational levels—cells, tissues, 
organs, organisms, populations, communities, and ecosystems—of living systems, 
chemical elements are recombined in different ways to form different products. 
The result of these chemical reactions is that energy is transferred from one system 
of interacting molecules to another. 

In most cases, the energy needed for life is ultimately derived from the sun 
through photosynthesis (although in some ecologically important cases, energy is 
derived from reactions involving inorganic chemicals in the absence of sunlight—
e.g., chemosynthesis). Plants, algae (including phytoplankton), and other energy-
fixing microorganisms use sunlight, water, and carbon dioxide to facilitate photo-
synthesis, which stores energy, forms plant matter, releases oxygen, and maintains 
plants’ activities. Plants and algae—being the resource base for animals, the ani-
mals that feed on animals, and the decomposers—are energy-fixing organisms that 
sustain the rest of the food web.

Grade Band Endpoints for LS1.C

By the end of grade 2. 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.
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By the end of grade 5. Animals and plants alike generally need to take in air and 
water, animals must take in food, and plants need light and minerals; anaerobic 
life, such as bacteria in the gut, functions without air. Food provides animals with 
the materials they need for body repair and growth and is digested to release the 
energy they need to maintain body warmth and for motion. Plants acquire their 
material for growth chiefly from air and water and process matter they have 
formed to maintain their internal conditions (e.g., at night). 

By the end of grade 8. Plants, algae (including phytoplankton), and many micro-
organisms 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. Animals obtain food from eating plants or eating other animals. 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. In most animals and plants, oxygen reacts with carbon-
containing molecules (sugars) to provide energy and produce carbon dioxide; 
anaerobic bacteria achieve their energy needs in other chemical processes that do 
not require oxygen. 

By the end of grade 12. The process of photosynthesis converts light energy to 
stored chemical energy by converting carbon dioxide plus water into sugars plus 
released oxygen. 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. As matter and energy 
flow through different organizational levels of living systems, chemical elements 
are recombined in different ways to form different products. As a result of these 
chemical reactions, energy is transferred from one system of interacting molecules 
to another. For example, aerobic (in the presence of oxygen) cellular respiration 
is a chemical process in which the bonds of food molecules and oxygen molecules 
are broken and new compounds are formed that can transport energy to muscles. 
Anaerobic (without oxygen) cellular respiration follows a different and less effi-
cient chemical pathway to provide energy in cells. Cellular respiration also releases 
the energy needed to maintain body temperature despite ongoing energy loss to 
the surrounding environment. Matter and energy are conserved in each change. 
This is true of all biological systems, from individual cells to ecosystems. 
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LS1.D: INFORMATION PROCESSING 

How do organisms detect, process, and use information about the environment?

An organism’s ability to sense and respond to its environment enhances its chance 
of surviving and reproducing. Animals have external and internal sensory recep-
tors that detect different kinds of information, and they use internal mechanisms 
for processing and storing it. Each receptor can respond to different inputs (elec-
tromagnetic, mechanical, chemical), some receptors respond by transmitting 
impulses that travel along nerve cells. In complex organisms, most such inputs 
travel to the brain, which is divided into several distinct regions and circuits that 
serve primary roles, in particular functions such as visual perception, auditory per-
ception, interpretation of perceptual information, guidance of motor movement, 
and decision making. In addition, some of the brain’s circuits give rise to emotions 
and store memories. Brain function also involves multiple interactions between the 
various regions to form an integrated sense of self and the surrounding world.

Grade Band Endpoints for LS1.D

By the end of grade 2. Animals have body parts that capture and convey different 
kinds of information needed for growth and survival—for example, eyes for light, 
ears for sounds, and skin for temperature or touch. Animals respond to these 
inputs with behaviors that help them survive (e.g., find food, run from a preda-
tor). Plants also respond to some external inputs (e.g., turn leaves toward the sun). 

By the end of grade 5. Different sense receptors are specialized for particular 
kinds of information, which may then be processed and integrated by an animal’s 
brain, with some information stored as memories. Animals are able to use their 
perceptions and memories to guide their actions. Some responses to information 
are instinctive—that is, animals’ brains are organized so that they do not have to 
think about how to respond to certain stimuli.

By the end of grade 8. Each sense receptor responds to different inputs (electro-
magnetic, 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. Changes in the structure and functioning of 
many millions of interconnected nerve cells allow combined inputs to be stored as 
memories for long periods of time. 
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By the end of grade 12. In complex animals, the brain is divided into several dis-
tinct regions and circuits, each of which primarily serves dedicated functions, such 
as visual perception, auditory perception, interpretation of perceptual information, 
guidance of motor movement, and decision making about actions to take in the 
event of certain inputs. In addition, some circuits give rise to emotions and memo-
ries that motivate organisms to seek rewards, avoid punishments, develop fears, or 
form attachments to members of their own species and, in some cases, to individu-
als of other species (e.g., mixed herds of mammals, mixed flocks of birds). The 
integrated functioning of all parts of the brain is important for successful interpre-
tation of inputs and generation of behaviors in response to them.

Core Idea LS2 Ecosystems: Interactions, Energy, and Dynamics

How and why do organisms interact with their environment and what are the 
effects of these interactions?

Ecosystems are complex, interactive systems that include both biological com-
munities (biotic) and physical (abiotic) components of the environment. As with 
individual organisms, a hierarchal structure exists; groups of the same organisms 
(species) form populations, different populations interact to form communities, 
communities live within an ecosystem, and all of the ecosystems on Earth make 
up the biosphere. Organisms grow, reproduce, and perpetuate their species by 
obtaining necessary resources through interdependent relationships with other 
organisms and the physical environment. These same interactions can facilitate or 
restrain growth and enhance or limit the size of populations, maintaining the bal-
ance between available resources and those who consume them. These interactions 
can also change both biotic and abiotic characteristics of the environment. Like 
individual organisms, ecosystems are sustained by the continuous flow of energy, 
originating primarily from the sun, and the recycling of matter and nutrients 
within the system. Ecosystems are dynamic, experiencing shifts in population com-
position and abundance and changes in the physical environment over time, which 
ultimately affects the stability and resilience of the entire system.

LS2.A: INTERDEPENDENT RELATIONSHIPS IN ECOSYSTEMS

How do organisms interact with the living and nonliving environments to obtain 
matter and energy?
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Ecosystems are ever changing because of the interdependence of organisms of the 
same or different species and the nonliving (physical) elements of the environment. 
Seeking matter and energy resources to sustain life, organisms in an ecosystem 

interact with one another in complex feed-
ing hierarchies of producers, consumers, 
and decomposers, which together represent 
a food web. Interactions between organisms 
may be predatory, competitive, or mutu-
ally beneficial. Ecosystems have carrying 
capacities that limit the number of organ-
isms (within populations) they can support. 
Individual survival and population sizes 
depend on such factors as predation, dis-
ease, availability of resources, and parame-
ters of the physical environment. Organisms 
rely on physical factors, such as light, tem-
perature, water, soil, and space for shelter 
and reproduction. Earth’s varied combina-

tions of these factors provide the physical environments in which its ecosystems 
(e.g., deserts, grasslands, rain forests, and coral reefs) develop and in which the 
diverse species of the planet live. Within any one ecosystem, the biotic interactions 
between organisms (e.g., competition, predation, and various types of facilitation, 
such as pollination) further influence their growth, survival, and reproduction, 
both individually and in terms of their populations. 

Grade Band Endpoints for LS2.A

By the end of grade 2. Animals depend on their surroundings to get what they 
need, including food, water, shelter, and a favorable temperature. Animals depend 
on plants or other animals for food. They use their senses to find food and water, 
and they use their body parts to gather, catch, eat, and chew the food. Plants 
depend on air, water, minerals (in the soil), and light to grow. Animals can move 
around, but plants cannot, and they often depend on animals for pollination or 
to move their seeds around. Different plants survive better in different settings 
because they have varied needs for water, minerals, and sunlight. 

By the end of grade 5. 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 
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for food and other animals eat the animals that eat plants. Either way, they are 
“consumers.” 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 for plants to use. Organisms can survive only in environments in which 
their particular needs are met. A healthy ecosystem is one in which multiple spe-
cies 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.

By the end of grade 8. Organisms and populations of organisms are dependent on 
their environmental interactions both with other living things and with nonliving 
factors. Growth of organisms and population increases are limited by access to 
resources. In any ecosystem, organisms and populations with similar requirements 
for food, water, oxygen, or other resources may compete with each other for lim-
ited resources, access to which consequently constrains their growth and repro-
duction. Similarly, predatory interactions may 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 mutu-
ally beneficial interactions vary across ecosystems, the patterns of interactions of 
organisms with their environments, both living and nonliving, are shared.

By the end of grade 12. 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 
such challenges as predation, competition, and disease. Organisms would have the 
capacity to produce populations of great size were it not for the fact that environ-
ments and resources are finite. This fundamental tension affects the abundance 
(number of individuals) of species in any given ecosystem. 

LS2.B: CYCLES OF MATTER AND ENERGY TRANSFER IN ECOSYSTEMS

How do matter and energy move through an ecosystem?

The cycling of matter and the flow of energy within ecosystems occur through 
interactions among different organisms and between organisms and the physical 
environment. All living systems need matter and energy. Matter fuels the energy-
releasing chemical reactions that provide energy for life functions and provides the 
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material for growth and repair of tissue. Energy from light is needed for plants 
because the chemical reaction that produces plant matter from air and water 
requires an energy input to occur. Animals acquire matter from food, that is, from 
plants or other animals. The chemical elements that make up the molecules of 
organisms pass through food webs and the environment and are combined and 
recombined in different ways. At each level in a food web, some matter provides 
energy for life functions, some is stored in newly made structures, and much is dis-
carded to the surrounding environment. Only a small fraction of the matter con-
sumed at one level is captured by the next level up. As matter cycles and energy 
flows through living systems and between living systems and the physical environ-
ment, matter and energy are conserved in each change. 

The carbon cycle provides an example of matter cycling and energy flow in 
ecosystems. Photosynthesis, digestion of plant matter, respiration, and decomposi-
tion are important components of the carbon cycle, in which carbon is exchanged 
between the biosphere, atmosphere, oceans, and geosphere through chemical, 
physical, geological, and biological processes. 

Grade Band Endpoints for LS2.B

By the end of grade 2. Organisms obtain the materials they need to grow and sur-
vive from the environment. Many of these materials come from organisms and are 
used again by other organisms. 

By the end of grade 5. Matter cycles between the air and soil and among plants, 
animals, and microbes as these organisms live and die. Organisms obtain gases, 
water, and minerals from the environment and release waste matter (gas, liquid, or 
solid) back into the environment.

By the end of grade 8. Food webs are models that demonstrate how matter and 
energy is transferred between producers (generally plants and other organisms 
that engage in photosynthesis), consumers, and decomposers as the three groups 
interact—primarily for food—within an ecosystem. Transfers of matter into and 
out of the physical environment occur at every level—for example, when mol-
ecules from food react with oxygen captured from the environment, the carbon 
dioxide and water thus produced are transferred back to the environment, and 
ultimately so are waste products, such as fecal material. Decomposers recycle 
nutrients from dead plant or animal matter back to the soil in terrestrial envi-
ronments or to the water in aquatic environments. The atoms that make up the 
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organisms in an ecosystem are cycled repeatedly between the living and nonliv-
ing parts of the ecosystem.

By the end of grade 12. Photosynthesis and cellular respiration (including anaer-
obic processes) provide most of the energy for life processes. 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. Given this inefficiency, there are generally fewer organisms at high-
er levels of a food web, and there is a limit to the number of organisms that an 
ecosystem can sustain.

The chemical elements that make up the molecules of organisms pass 
through food webs and into and out of the atmosphere and soil and are com-
bined and recombined in different ways. At each link in an ecosystem, matter 
and energy are conserved; some matter reacts to release energy for life func-
tions, some matter is stored in newly made structures, and much is discarded. 
Competition among species is ultimately competition for the matter and energy 
needed for life.

Photosynthesis and cellular respiration are important components of the car-
bon cycle, in which carbon is exchanged between the biosphere, atmosphere, oceans, 
and geosphere through chemical, physical, geological, and biological processes.

LS2.C: ECOSYSTEM DYNAMICS, FUNCTIONING, AND RESILIENCE

What happens to ecosystems when the environment changes?

Ecosystems are dynamic in nature; their characteristics fluctuate over time, 
depending on changes in the environment and in the populations of various spe-
cies. Disruptions in the physical and biological components of an ecosystem—
which can lead to shifts in the types and numbers of the ecosystem’s organisms, 
to the maintenance or the extinction of species, to the migration of species into 
or out of the region, or to the formation of new species (speciation)—occur for a 

❚ Ecosystems are sustained by the continuous flow of energy, 

originating primarily from the sun, and the recycling of matter and 

nutrients within the system. ❚
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variety of natural reasons. Changes may derive from the fall of canopy trees in a 
forest, for example, or from cataclysmic events, such as volcanic eruptions. But 
many changes are induced by human activity, such as resource extraction, adverse 
land use patterns, pollution, introduction of nonnative species, and global climate 
change. Extinction of species or evolution of new species may occur in response to 
significant ecosystem disruptions.

Species in an environment develop behavioral and physiological patterns 
that facilitate their survival under the prevailing conditions, but these patterns may 
be maladapted when conditions change or new species are introduced. Ecosystems 
with a wide variety of species—that is, greater biodiversity—tend to be more resil-
ient to change than those with few species. 

Grade Band Endpoints for LS2.C

By the end of grade 2. The places where plants and animals live often change, 
sometimes slowly and sometimes rapidly. When animals and plants get too hot 
or too cold, they may die. If they cannot find enough food, water, or air, they 
may die.

By the end of grade 5. 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. 

By the end of grade 8. Ecosystems are dynamic in nature; their characteristics can 
vary over time. Disruptions to any physical or biological component of an ecosys-
tem can lead to shifts in all of its populations. 

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. 

By the end of grade 12. A complex set of interactions within an ecosystem 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 ecosys-
tem is resilient), as opposed to becoming a very different ecosystem. Extreme fluc-
tuations in conditions or the size of any population, however, can challenge the 
functioning of ecosystems in terms of resources and habitat availability. Moreover, 
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anthropogenic changes 
(induced by human activity) 
in the environment—including 
habitat destruction, pollution, 
introduction of invasive spe-
cies, overexploitation, and 
climate change—can disrupt 
an ecosystem and threaten the 
survival of some species.

LS2.D: SOCIAL INTERACTIONS AND GROUP BEHAVIOR

How do organisms interact in groups so as to benefit individuals?

Group behaviors are found in organisms ranging from unicellular slime molds to 
ants to primates, including humans. Many species, with a strong drive for social 
affiliation, live in groups formed on the basis of genetic relatedness, physical prox-
imity, or other recognition mechanisms (which may be species specific). Group 
behavior evolved because group membership can increase the chances of survival 
for individuals and their relatives. While some groups are stable over long periods 
of time, others are fluid, with members moving in and out. Groups often dissolve 
if their size or operation becomes counterproductive, if dominant members lose 
their place, or if other key members are removed from the group. Group inter-
dependence is so strong that animals that usually live in groups suffer, behavior-
ally as well as physiologically, when reared in isolation, even if all of their physical 
needs are met.

Grade Band Endpoints for LS2.D

By the end of grade 2. Being part of a group helps animals obtain food, defend 
themselves, and cope with changes. Groups may serve different functions and vary 
dramatically in size.

By the end of grade 5. Groups can be collections of equal individuals, hierarchies 
with dominant members, small families, groups of single or mixed gender, or 
groups composed of individuals similar in age. Some groups are stable over long 
periods of time; others are fluid, with members moving in and out. Some groups 
assign specialized tasks to each member; in others, all members perform the same 
or a similar range of functions.
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By the end of grade 8. Groups may form because of genetic relatedness, physi-
cal proximity, or other recognition mechanisms (which may be species specific). 
They engage in a variety of signaling behaviors to maintain the group’s integ-
rity or to warn of threats. Groups often dissolve if they no longer function to 
meet individuals’ needs, if dominant members lose their place, or if other key 
members are removed from the group through death, predation, or exclusion by 
other members.

By the end of grade 12. Animals, including humans, having a strong drive for 
social affiliation with members of their own species and will suffer, behavior-
ally as well as physiologically, if reared in isolation, even if all of their physical 
needs are met. Some forms of affiliation arise from the bonds between offspring 
and parents. Other groups form among peers. Group behavior has evolved 
because membership can increase the chances of survival for individuals and 
their genetic relatives.

Core Idea  LS3: Heredity: Inheritance and Variation of Traits

How are characteristics of one generation passed to the next? 
How can individuals of the same species and even siblings have different 
characteristics? 

Heredity explains why offspring resemble, but are not identical to, their parents 
and is a unifying biological principle. Heredity refers to specific mechanisms by 
which characteristics or traits are passed from one generation to the next via 
genes. Genes encode the information for making specific proteins, which are 
responsible for the specific traits of an individual. Each gene can have several vari-
ants, called alleles, which code for different variants of the trait in question. Genes 
reside in a cell’s chromosomes, each of which contains many genes. Every cell of 
any individual organism contains the identical set of chromosomes. When organ-
isms reproduce, genetic information is transferred to their offspring. In species 
that reproduce sexually, each cell contains two variants of each chromosome, one 
inherited from each parent. Thus sexual reproduction gives rise to a new combi-
nation of chromosome pairs with variations between parent and offspring. Very 

❚ Group behaviors are found in organisms ranging from unicellular slime 

molds to ants to primates, including humans. ❚
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rarely, mutations also cause variations, which may be harmful, neutral, or occa-
sionally advantageous for an individual. Environmental as well as genetic varia-
tion and the relative dominance of each of the genes in a pair play an important 
role in how traits develop within an individual. Complex relationships between 
genes and interactions of genes with the environment determine how an organism 
will develop and function.

LS3.A: INHERITANCE OF TRAITS

How are the characteristics of one generation related to the previous generation?

In all organisms, the genetic instructions for forming species’ characteristics are 
carried in the chromosomes. Each chromosome consists of a single very long 
DNA molecule, and each gene on the chromosome is a particular segment of 
that DNA. DNA molecules contain four different kinds of building blocks, called 
nucleotides, linked together in a sequential chain. The sequence of nucleotides 
spells out the information in a gene. Before a cell divides, the DNA sequence of its 
chromosomes is replicated and each daughter cell receives a copy. DNA controls 
the expression of proteins by being transcribed into a “messenger” RNA, which is 
translated in turn by the cellular machinery into a protein. In effect, proteins build 
an organism’s identifiable traits. When organisms reproduce, genetic informa-
tion is transferred to their offspring, with half coming from each parent in sexual 
reproduction. Inheritance is the key factor causing the similarity among individu-
als in a species population.

Grade Band Endpoints for LS3.A

By the end of grade 2. Organisms have characteristics that can be similar or dif-
ferent. Young animals are very much, but not exactly, like their parents and also 
resemble other animals of the same kind. Plants also are very much, but not exact-
ly, like their parents and resemble other plants of the same kind.

By the end of grade 5. Many characteristics of organisms are inherited from their 
parents. Other characteristics result from individuals’ interactions with the envi-
ronment, which can range from diet to learning. Many characteristics involve both 
inheritance and environment. 

By the end of grade 8. Genes are located in the chromosomes of cells, with each 
chromosome pair containing two variants of each of many distinct genes. Each 
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distinct gene chiefly controls the production of a specific protein, which in turn 
affects the traits of the individual (e.g., human skin color results from the actions 
of proteins that control the production of the pigment melanin). Changes (muta-
tions) to genes can result in changes to proteins, which can affect the structures 
and functions of the organism and thereby change traits. 

Sexual reproduction provides for transmission of genetic information to 
offspring through egg and sperm cells. These cells, which contain only one chro-
mosome of each parent’s chromosome pair, unite to form a new individual (off-
spring). Thus offspring possess one instance of each parent’s chromosome pair 
(forming a new chromosome pair). Variations of inherited traits between parent 
and offspring arise from genetic differences that result from the subset of chro-
mosomes (and therefore genes) inher-
ited or (more rarely) from mutations. 
(Boundary: The stress here is on the 
impact of gene transmission in reproduc-
tion, not the mechanism.)

By the end of grade 12. In all organ-
isms the genetic instructions for forming 
species’ characteristics are carried in the 
chromosomes. Each chromosome con-
sists of a single very long DNA molecule, 
and each gene on the chromosome is a 
particular segment of that DNA. The 
instructions for forming species’ char-
acteristics 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.

❚ Complex relationships between genes and interactions of genes with 

the environment determine how an organism will develop and function. ❚
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LS3.B: VARIATION OF TRAITS

Why do individuals of the same species vary in how they look, function, and behave?

Variation among individuals of the same species can be explained by both genetic 
and environmental factors. Individuals within a species have similar but not identi-
cal genes. In sexual reproduction, variations in traits between parent and offspring 
arise from the particular set of chromosomes (and their respective multiple genes) 
inherited, with each parent contributing half of each chromosome pair. More rare-
ly, such variations result from mutations, which are changes in the information 
that genes carry. Although genes control the general traits of any given organism, 
other parts of the DNA and external environmental factors can modify an indi-
vidual’s specific development, appearance, behavior, and likelihood of producing 
offspring. The set of variations of genes present, together with the interactions of 
genes with their environment, determines the distribution of variation of traits in a 
population.

Grade Band Endpoints for LS3.B

By the end of grade 2. Individuals of the same kind of plant or animal are recog-
nizable as similar but can also vary in many ways.

By the end of grade 5. Offspring acquire a mix of traits from their biological par-
ents. Different organisms vary in how they look and function because they have 
different inherited information. In each kind of organism there is variation in the 
traits themselves, and different kinds of organisms may have different versions of 
the trait. The environment also affects the traits that an organism develops—dif-
ferences in where they grow or in the food they consume may cause organisms 
that are related to end up looking or behaving differently. 

By the end of grade 8. In sexually reproducing organisms, 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 par-
ent. These versions may be identical or may differ from each other. 

In addition to variations that arise from sexual reproduction, genetic infor-
mation 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. 
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By the end of grade 12. The information passed from parents to offspring is 
coded in the DNA molecules that form the chromosomes. In sexual reproduc-
tion, chromosomes can 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 accu-
rate, 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. 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 depend on both genetic and 
environmental factors.

Core Idea LS4 Biological Evolution: Unity and Diversity

How can there be so many similarities among organisms yet so many different 
kinds of plants, animals, and microorganisms?
How does biodiversity affect humans?

Biological evolution explains both the unity and the diversity of species and pro-
vides a unifying principle for the history and diversity of life on Earth. Biological 
evolution is supported by extensive scientific evidence ranging from the fossil 
record to genetic relationships among species. Researchers continue to use new 
and different techniques, including DNA and protein sequence analyses, to test 
and further their understanding of evolutionary relationships. Evolution, which is 
continuous and ongoing, occurs when natural selection acts on the genetic varia-
tion in a population and changes the distribution of traits in that population grad-
ually over multiple generations. Natural selection can act more rapidly after sud-
den changes in conditions, which can lead to the extinction of species. Through 
natural selection, traits that provide an individual with an advantage to best meet 
environmental challenges and reproduce are the ones most likely to be passed on 
to the next generation. Over multiple generations, this process can lead to the 
emergence of new species. Evolution thus explains both the similarities of genetic 
material across all species and the multitude of species existing in diverse condi-
tions on Earth—its biodiversity—which humans depend on for natural resources 
and other benefits to sustain themselves. 
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LS4.A: EVIDENCE OF COMMON ANCESTRY AND DIVERSITY

What evidence shows that different species are related?

Biological evolution, the process by which all living things have evolved over 
many generations from shared ancestors, explains both the unity and the diver-
sity of species. The unity is illustrated by the similarities found betwen species; 
which can be explained by the inheritance of similar characteristics from related 
ancestors. The diversity of species is also consistent with common ancestry; it is 
explained by the branching and diversification of lineages as populations adapted, 
primarily through natural selection, to local circumstances. 

Evidence for common ancestry can be found in the fossil record, from 
comparative anatomy and embryology, from the similarities of cellular processes 
and structures, and from comparisons of DNA sequences between species. The 
understanding of evolutionary relationships has recently been greatly accelerated 
by using new molecular tools to study developmental biology, with researchers 
dissecting the genetic basis for some of the changes seen in the fossil record, as 
well as those that can be inferred to link living species (e.g., the armadillo) to their 
ancestors (e.g., glyptodonts, a kind of extinct gigantic armadillo). 

Grade Band Endpoints for LS4.A

By the end of grade 2. Some kinds of plants and animals that once lived on Earth 
(e.g., dinosaurs) are no longer found anywhere, although others now living (e.g., 
lizards) resemble them in some ways.

By the end of grade 5. Fossils provide evidence about the types of organisms (both 
visible and microscopic) that lived long ago and also about the nature of their 
environments. Fossils can be compared with one another and to living organisms 
according to their similarities and differences. 

By the end of grade 8. Fossils are mineral replacements, preserved remains, or traces 
of organisms that lived in the past. Thousands of layers of sedimentary rock not 
only provide evidence of the history of Earth itself but also of changes in organisms 
whose fossil remains have been found in those layers. The collection of fossils and 
their placement in chronological order (e.g., through the location of the sedimen-
tary 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 
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life forms throughout the history of life on Earth. 
Because of the conditions necessary for their pres-
ervation, not all types of organisms that existed 
in the past have left fossils that can be retrieved. 
Anatomical similarities and differences between 
various organisms living today and between them 
and organisms in the fossil record enable the recon-
struction of evolutionary history and the inference 
of lines of evolutionary descent. Comparison of the 
embryological development of different species also 
reveals similarities that show relationships not evi-
dent in the fully formed anatomy.

By the end of grade 12. Genetic information, 
like the fossil record, also provides evidence 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. 

LS4.B: NATURAL SELECTION

How does genetic variation among organisms affect survival and reproduction?

Genetic variation in a species results in individuals with a range of traits. In any 
particular environment individuals with particular traits may be more likely than 
others to survive and produce offspring. This process is called natural selection 
and may lead to the predominance of certain inherited traits in a population and 
the suppression of others. Natural selection occurs only if there is variation in the 
genetic information within a population that is expressed in traits that lead to dif-
ferences in survival and reproductive ability among individuals under specific envi-
ronmental conditions. If the trait differences do not affect reproductive success, 
then natural selection will not favor one trait over others. 
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Grade Band Endpoints for LS4.B

By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. Sometimes the differences in characteristics between 
individuals of the same species provide advantages in surviving, finding mates, 
and reproducing.

By the end of grade 8. Genetic variations among individuals in a population give 
some individuals an advantage in surviving and reproducing in their environment. 
This is known as natural selection. It leads to the predominance of certain traits 
in a population and the suppression of others. In 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.

By the end of grade 12. Natural selection occurs only if there is both (1) varia-
tion in the genetic information between organisms in a population and (2) varia-
tion in the expression of that genetic information—that is, trait variation—that 
leads to differences in performance among individuals. The traits that positively 
affect survival are more likely to be reproduced and thus are more common in 
the population.

LS4.C: ADAPTATION

How does the environment influence populations of organisms over multiple 
generations?

When an environment changes, there can be subsequent shifts in its supply of 
resources or in the physical and biological challenges it imposes. Some individu-
als in a population may have morphological, physiological, or behavioral traits 
that provide a reproductive advantage in the face of the shifts in the environment. 
Natural selection provides a mechanism for species to adapt to changes in their 
environment. The resulting selective pressures influence the survival and repro-
duction of organisms over many generations and can change the distribution of 
traits in the population. This process is called adaptation. Adaptation can lead to 
organisms that are better suited for their environment because individuals with 
the traits adaptive to the environmental change pass those traits on to their off-
spring, whereas individuals with traits that are less adaptive produce fewer or no 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

165Dimension 3: Disciplinary Core Ideas—Life Sciences

offspring. Over time, adaptation can lead to the formation of new species. In some 
cases, however, traits that are adaptive to the changed environment do not exist in 
the population and the species becomes extinct. Adaptive changes due to natural 
selection, as well as the net result of speciation minus extinction, have strongly 
contributed to the planet’s biodiversity. 

Adaption by natural selection is ongoing. For example it is seen in the emer-
gence of antibiotic-resistant bacteria. Organisms like bacteria, in which multiple 
generations occur over shorter time spans, evolve more rapidly than those for 
which each generation takes multiple years.

Grade Band Endpoints for LS4.C

By the end of grade 2. Living things can survive only where their needs are met. 
If some places are too hot or too cold or have too little water or food, plants and 
animals may not be able to live there.

By the end of grade 5. Changes in an organism’s habitat are sometimes benefi-
cial to it and sometimes harmful. For any particular environment, some kinds of 
organisms survive well, some survive less well, and some cannot survive at all.

By the end of grade 8. 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 reproduc-
tion in the new environment become more common; those that do not become 
less common. Thus, the distribution of traits in a population changes. In separated 
populations with different conditions, the changes can be large enough that the 
populations, provided they remain separated (a process called reproductive isola-
tion), evolve to become separate species. 

By the end of grade 12. Natural selection is the result of four factors: (1) the 
potential for a species to increase in number, (2) the genetic variation of indi-
viduals 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 organ-
isms that are better able to survive and reproduce in that environment. Natural 
selection leads to adaptation—that is, to 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 
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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. 
Adaptation also means that the distribution of traits in a population can change 
when conditions change.

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. 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 too drastic, the opportunity 
for the species’ evolution is lost.

LS4.D: BIODIVERSITY AND HUMANS

What is biodiversity, how do humans affect it, and how does it affect humans?

Human beings are part of and depend on the natural world. Biodiversity—the 
multiplicity of genes, species, and ecosystems—provides humans with renewable 
resources, such as food, medicines, and clean water. Humans also benefit from 
“ecosystem services,” such as climate stabilization, decomposition of wastes, and 
pollination that are provided by healthy (i.e., diverse and resilient) ecosystems. 
The resources of biological communities can be used within sustainable limits, but 
in many cases humans affect these ecosystems in ways—including habitat destruc-
tion, pollution of air and water, overexploitation of resources, introduction of 
invasive species, and climate change—that prevent the sustainable use of resources 
and lead to ecosystem degradation, species extinction, and the loss of valuable 
ecosystem services. 

Grade Band Endpoints for LS4.D

By the end of grade 2. There are many different kinds of living things in any area, 
and they exist in different places on land and in water. 

❚ Adaptive changes due to natural selection, as well as the net 

result of speciation minus extinction, have strongly contributed to the 

planet’s biodiversity. ❚
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By the end of grade 5. Scientists have identified and classified many plants and 
animals. Populations of organisms live in a variety of habitats, and change in 
those habitats affects the organisms living there. Humans, like all other organisms, 
obtain living and nonliving resources from their environments.

By the end of grade 8. Biodiversity is the wide range of exist-
ing life forms that have adapted to the variety of conditions 
on Earth, from terrestrial to marine ecosystems. Biodiversity 
includes genetic variation within a species, in addition to spe-
cies variation in different habitats and ecosystem types (e.g., 
forests, grasslands, wetlands). Changes in biodiversity can 
influence humans’ resources, such as food, energy, and medi-
cines, as well as ecosystem services that humans rely on—for 
example, water purification and recycling.

By the end of grade 12. Biodiversity is increased by the for-
mation of new species (speciation) and decreased by the loss 
of species (extinction). Biological extinction, being irrevers-
ible, is a critical factor in reducing the planet’s natural capital. 

Humans depend on the living world for the resources 
and other benefits provided by biodiversity. But human activ-
ity is also having adverse impacts on biodiversity through 
overpopulation, overexploitation, habitat destruction, pol-
lution, introduction of invasive species, and climate change. 
These problems have the potential to cause a major wave of 
biological extinctions—as many species or populations of a 
given species, unable to survive in changed environments, die 

out—and the effects may be harmful to humans and other living things. Thus sus-
taining 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.
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Earth and space sciences (ESS) investigate processes that operate on Earth and 
also address its place in the solar system and the galaxy. Thus ESS involve phe-
nomena that range in scale from the unimaginably large to the invisibly small. 
Earth and space sciences have much in common with the 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 pursued 
in part as a means of understanding the size, age, structure, composition, and 
behavior of Earth, the sun, and the 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 of rocks are of interest to both life sci-
entists and earth scientists. As a result, the majority of research in ESS is inter-
disciplinary in nature and falls under the categories of astrophysics, geophysics, 
geochemistry, and geobiology. However, the underlying traditional discipline of 
geology, involving the identification, analysis, and mapping of rocks, remains a 
cornerstone of ESS.

Earth consists of a set of systems—atmosphere, hydrosphere, geosphere, 
and biosphere—that are intricately interconnected. These systems have differing 
sources of energy, and matter cycles within and among them in multiple ways 
and on various time scales. Small changes in one part of one system can have 
large and sudden consequences in parts of other systems, or they can have no 
effect at all. Understanding the different processes that cause Earth to change 
over time (in a sense, how it “works”) therefore requires knowledge of the 

Dimension 3
DISCIPLINARY CORE IDEAS—EARTH AND 
SPACE SCIENCES

7
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multiple systems’ interconnections and feedbacks. In addition, Earth is part of 
a broader system—the solar system—which is itself a small part of one of the 
many galaxies in the universe. 

Because organizing ESS content is complex, given its broad scope and inter-
disciplinary nature, past efforts to promote earth sciences literacy have presented 
this content in a wide variety of ways. In this chapter, we begin at the largest 
spatial scales of the universe and move toward increasingly smaller scales and a 
more anthropocentric focus. Thus, the first core idea, ESS1: Earth’s Place in the 
Universe, describes the universe as a whole and addresses its grand scale in both 
space and time. This idea includes the overall structure, composition, and history 
of the universe, the forces and processes by which the solar system operates, and 
Earth’s planetary history. 

The second core idea, ESS2: Earth’s Systems, encompasses the processes 
that drive Earth’s conditions and its continual evolution (i.e., change over time). It 
addresses the planet’s large-scale structure and composition, describes its individ-
ual systems, and explains how they are interrelated. It also focuses on the mecha-
nisms driving Earth’s internal motions and on the vital role that water plays in all 
of the planet’s systems and surface processes. 

The third core idea, ESS3: Earth and Human Activity, addresses society’s 
interactions with the planet. Connecting the ESS to the intimate scale of human 
life, this idea explains how Earth’s processes affect people through natural resourc-
es and natural hazards, and it describes as well some of the ways in which human-
ity in turn affects Earth’s processes. See Box 7-1 for a summary of the core and 
component ideas. 

The committee’s efforts have been strongly influenced by several recent 
efforts in the ESS community that have codified the essential sets of information 
in several fields. These projects include the Earth Science Literacy Principles: The 
Big Ideas and Supporting Concepts of Earth Science [1], Ocean Literacy: The 
Essential Principles of Ocean Science K-12 [2], Atmospheric Science Literacy: 

❚ Vast amounts of new data, especially from satellites, together with 

modern computational models, are revealing the complexity of the 

interacting systems that control Earth’s ever-changing surface. And many of 

the conclusions drawn from this science, along with some of the evidence 

from which they are drawn, are accessible to today’s students. ❚
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CORE AND COMPONENT IDEAS IN EARTH AND SPACE SCIENCES

Core Idea ESS1: Earth’s Place in the Universe

 ESS1.A: The Universe and Its Stars

 ESS1.B: Earth and the Solar System

 ESS1.C: The History of Planet Earth

Core Idea ESS2: Earth’s Systems

 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

Core Idea 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

BOX 7-1
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Essential Principles and Fundamental Concepts of Atmospheric Science [3], and 
Climate Literacy: The Essential Principles of Climate Sciences [4]. The selection 
of much of the framework’s content was informed by these documents, thereby 
ensuring that the ESS core ideas we present are not only current and accurate but 
also relevant; they express content that the science research communities them-
selves recognize as being most important. 

The framework includes a broader range of ideas in ESS than previous 
efforts related to science education standards, largely because of pertinent recent 
developments in ESS and the increasing societal importance of Earth-related 
issues. Astronomy and space exploration have prompted new ideas about how 
the universe works and of humans’ place in it. Advances in imaging the interior 
of Earth have revised conceptions of how the planet formed and continues to 
evolve. Vast amounts of new data, especially from satellites, together with mod-
ern computational models, are revealing the complexity of the interacting systems 
that control Earth’s ever-changing surface. And many of the conclusions drawn 
from this science, along with some of the evidence from which they are drawn, are 
accessible to today’s students. Consequently, the story of Earth and the evolution 
of its systems, as it can be understood at the K-12 level, is much richer than what 
has been taught at this level in the past. Thus some of the framework’s essential 
elements differ considerably from previous standards for K-12 science and engi-
neering education.

The most important justification for the framework’s increased emphasis 
on ESS is the rapidly increasing relevance of earth science to so many aspects of 
human society. It may seem as if natural hazards, such as earthquakes and hur-
ricanes, have been more active in recent years, but this is primarily because the 
growing population of cities has heightened their impacts. The rapidly rising 
number of humans on the planet—doubling in number roughly every 40 years—
combined with increased global industrialization, has also stressed limited plan-
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etary resources of water, arable land, plants and animals, minerals, and hydrocar-
bons. Only in the relatively recent past have people begun to recognize the dra-
matic role humans play as an essentially geological force on the surface of Earth, 
affecting large-scale conditions and processes. 

Core Idea ESS1 Earth’s Place in the Universe

What is the universe, and what is Earth’s place in it?

The planet Earth is a tiny part of a vast universe that has developed over a huge 
expanse of time. The history of the universe, and of the structures and objects 
within it, can be deciphered using observations of their present condition togeth-
er with knowledge of physics and chemistry. Similarly, the patterns of motion 
of the objects in the solar system can be described and predicted on the basis of 
observations and an understanding of gravity. Comprehension of these patterns 
can be used to explain many Earth phenomena, such as day and night, seasons, 
tides, and phases of the moon. Observations of other solar system objects and 
of Earth itself can be used to determine Earth’s age and the history of large-scale 
changes in its surface.

ESS1.A: THE UNIVERSE AND ITS STARS

What is the universe, and what goes on in stars?

The sun is but one of a vast number of stars in the Milky Way galaxy, which is 
one of a vast number of galaxies in the universe. 

The universe began with a period of extreme and rapid expansion known 
as the Big Bang, which occurred about 13.7 billion years ago. This theory is sup-
ported by the fact that it provides explanation of observations of distant galaxies 
receding from our own, of the measured composition of stars and nonstellar gases, 
and of the maps and spectra of the primordial radiation (cosmic microwave back-
ground) that still fills the universe. 

Nearly all observable matter in the universe is hydrogen or helium, which 
formed in the first minutes after the Big Bang. Elements other than these remnants 
of the Big Bang continue to form within the cores of stars. Nuclear fusion within 
stars produces all atomic nuclei lighter than and including iron, and the process 
releases the energy seen as starlight. Heavier elements are produced when certain 
massive stars achieve a supernova stage and explode. 
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Stars’ radiation of visible light and 
other forms of energy can be measured 
and studied to develop explanations 
about the formation, age, and composi-
tion of the universe. Stars go through a 
sequence of developmental stages—they 
are formed; evolve in size, mass, and 
brightness; and eventually burn out. 
Material from earlier stars that exploded 
as supernovas is recycled to form younger 
stars and their planetary systems. The 
sun is a medium-sized star about halfway 
through its predicted life span of about 
10 billion years. 

Grade Band Endpoints for ESS1.A

By the end of grade 2. Patterns of the motion of the sun, moon, and stars in the 
sky can be observed, described, and predicted. At night one can see the light com-
ing from many stars with the naked eye, but telescopes make it possible to see 
many more and to observe them and the moon and planets in greater detail.

By the end of grade 5. The sun is a star that appears larger and brighter than 
other stars because it is closer. Stars range greatly in their size and distance 
from Earth.

By the end of grade 8. Patterns of the apparent motion of the sun, the moon, and 
stars in the sky can be observed, described, predicted, and explained with models. 
The universe began with a period of extreme and rapid expansion known as the 
Big Bang. Earth and its solar system are part of the Milky Way galaxy, which is 
one of many galaxies in the universe. 

By the end of grade 12. The star called the sun is changing and will burn out over 
a life span of approximately 10 billion years. The sun is just one of more than 200 
billion stars in the Milky Way galaxy, and the Milky Way is just one of hundreds 
of billions of galaxies in the universe. The study of stars’ light spectra and bright-
ness is used to identify compositional elements of stars, their movements, and their 
distances from Earth.
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ESS1.B: EARTH AND THE SOLAR SYSTEM

What are the predictable patterns caused by Earth’s movement in the solar 
system?

The solar system consists of the sun and a collection of objects of varying sizes 
and conditions—including planets and their moons—that are held in orbit around 
the sun by its gravitational pull on them. This system appears to have formed 
from a disk of dust and gas, drawn together by gravity. 

Earth and the moon, sun, and planets have predictable patterns of move-
ment. These patterns, which are explainable by gravitational forces and conser-
vation laws, in turn explain many large-scale phenomena observed on Earth. 
Planetary motions around the sun can be predicted using Kepler’s three empirical 
laws, which can be explained based on Newton’s theory of gravity. These orbits 
may also change somewhat due to the gravitational effects from, or collisions 
with, other bodies. Gradual changes in the shape of Earth’s orbit around the sun 
(over hundreds of thousands of years), together with the tilt of the planet’s spin 
axis (or axis of rotation), have altered the intensity and distribution of sunlight 
falling on Earth. These phenomena cause cycles of climate change, including the 
relatively recent cycles of ice ages. 

Gravity holds Earth in orbit around the sun, and it holds the moon in orbit 
around Earth. The pulls of gravity from the sun and the moon cause the patterns 
of ocean tides. The moon’s and sun’s positions relative to Earth cause lunar and 
solar eclipses to occur. The moon’s monthly orbit around Earth, the relative posi-
tions of the sun, the moon, and the observer and the fact that it shines by reflected 
sunlight explain the observed phases of the moon. 

Even though Earth’s orbit is very nearly circular, the intensity of sunlight 
falling on a given location on the planet’s surface changes as it orbits around the 
sun. Earth’s spin axis is tilted relative to the plane of its orbit, and the seasons are 

❚ Earth and the moon, sun, and planets have predictable patterns of 

movement. These patterns, which are explainable by gravitational forces 

and conservation laws, in turn explain many large-scale phenomena 

observed on Earth. ❚
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a result of that tilt. The intensity of sunlight striking Earth’s surface is greatest at 
the equator. Seasonal variations in that intensity are greatest at the poles.

Grade Band Endpoints for ESS1.B

By the end of grade 2. Seasonal patterns of sunrise and sunset can be observed, 
described, and predicted.

By the end of grade 5. The orbits of Earth 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 
and seasonal changes in the length and direction of shadows; phases of the moon; 
and different positions of the sun, moon, and stars at different times of the day, 
month, and year.

Some objects in the solar system can be seen with the naked eye. Planets in 
the night sky change positions and are not always visible from Earth as they orbit 
the sun. Stars appear in patterns called constellations, which can be used for navi-
gation and appear to move together across the sky because of Earth’s rotation. 

By the end of grade 8. The solar system consists of the sun and a collection of 
objects, including planets, their moons, and asteroids that are held in orbit around 
the sun by its gravitational pull on them. This model of the solar system can 
explain tides, eclipses of the sun and the moon, and the motion of the planets in 
the sky relative to the stars. 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. 

By the end of grade 12. Kepler’s laws describe common features 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. Cyclical changes in the shape of Earth’s orbit around the sun, 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 distri-
bution of sunlight falling on Earth. These phenomena cause cycles of ice ages and 
other gradual climate changes. 
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ESS1.C: THE HISTORY OF PLANET EARTH

How do people reconstruct and date events in Earth’s planetary history?

Earth scientists use the structure, sequence, and properties of rocks, sediments, 
and fossils, as well as the locations of current and past ocean basins, lakes, and 
rivers, to reconstruct events in Earth’s planetary history. For example, rock layers 
show the sequence of geological events, and the presence and amount of radioactive 
elements in rocks make it possible to determine their ages. 

Analyses of rock formations and the fossil record are used to establish rela-
tive ages. In an undisturbed column of rock, the youngest rocks are at the top, 
and the oldest are at the bottom. Rock layers have sometimes been rearranged by 
tectonic forces; rearrangements 
can be seen or inferred, such as 
from inverted sequences of fos-
sil types. Core samples obtained 
from drilling reveal that the 
continents’ rocks (some as old 
as 4 billion years or more) are 
much older than rocks on the 
ocean floor (less than 200 mil-
lion years), where tectonic pro-
cesses continually generate new 
rocks and destroy old ones. The 
rock record reveals that events 
on Earth can be catastrophic, 
occurring over hours to years, or gradual, occurring over thousands to millions of 
years. Records of fossils and other rocks also show past periods of massive extinc-
tions and extensive volcanic activity. Although active geological processes, such as 
plate tectonics (link to ESS2.B) and erosion, have destroyed or altered most of the 
very early rock record on Earth, some other objects in the solar system, such as 
asteroids and meteorites, have changed little over billions of years. Studying these 
objects can help scientists deduce the solar system’s age and history, including the 
formation of planet Earth. Study of other planets and their moons, many of which 
exhibit such features as volcanism and meteor impacts similar to those found on 
Earth, also help illuminate aspects of Earth’s history and changes.
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The geological time scale organizes Earth’s history into the increasingly long 
time intervals of eras, periods, and epochs. Major historical events include the for-
mation of mountain chains and ocean basins, volcanic activity, the evolution and 
extinction of living organisms, periods of massive glaciation, and development of 
watersheds and rivers. Because many individual plant and animal species existed 
during known time periods (e.g., dinosaurs), the location of certain types of fossils 
in the rock record can reveal the age of the rocks and help geologists decipher the 
history of landforms. 

Grade Band Endpoints for ESS1.C

By the end of grade 2. Some events on Earth occur in cycles, like day and night, 
and others have a beginning and an end, like a volcanic eruption. Some events, like 
an earthquake, happen very quickly; others, such as the formation of the Grand 
Canyon, occur very slowly, over a time period much longer than one can observe. 

By the end of grade 5. Earth has changed over time. Understanding how land-
forms develop, are weathered (broken down into smaller pieces), and erode (get 
transported elsewhere) can help infer the history of the current landscape. Local, 
regional, and 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. Patterns of tree rings and ice 
cores from glaciers can help reconstruct Earth’s recent climate history.

By the end of grade 8. The geological time scale interpreted from rock strata 
provides a way to organize Earth’s history. Major historical events include the 
formation of mountain chains and ocean basins, the evolution and extinction 
of particular living organisms, volcanic eruptions, periods of massive glaciation, 
and development of watersheds and rivers through glaciation and water erosion. 
Analyses of rock strata and the fossil record provide only relative dates, not an 
absolute scale. 

By the end of grade 12. Radioactive decay lifetimes and isotopic content in 
rocks provide a way of dating rock formations and thereby fixing the scale of 
geological time. Continental rocks, which can be older than 4 billion years, are 
generally much older than rocks on the ocean floor, which are less than 200 
million years old. Tectonic processes continually generate new ocean seafloor at 
ridges and destroy old seafloor at trenches. Although active geological processes, 
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such as plate tectonics (link to ESS2.B) 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. 

Core Idea ESS2 Earth’s Systems

How and why is Earth constantly changing?

Earth’s surface is a complex and dynamic set of interconnected systems—princi-
pally the geosphere, hydrosphere, atmosphere, and biosphere—that interact over a 
wide range of temporal and spatial scales. All of Earth’s processes are the result of 
energy flowing and matter cycling within and among these systems. For example, 
the motion of tectonic plates is part of the cycles of convection in Earth’s mantle, 
driven by outflowing heat and the downward pull of gravity, which result in the 
formation and changes of many features of Earth’s land and undersea surface. 
Weather and climate are shaped by complex interactions involving sunlight, the 
ocean, the atmosphere, clouds, ice, land, and life forms. Earth’s biosphere has 
changed the makeup of the geosphere, hydrosphere, and atmosphere over geologi-
cal time; conversely, geological events and conditions have influenced the evolu-
tion of life on the planet. Water is essential to the dynamics of most earth systems, 
and it plays a significant role in shaping Earth’s landscape.

ESS2.A: EARTH MATERIALS AND SYSTEMS

How do Earth’s major systems interact?

Earth is a complex system of interacting subsystems: the geosphere, hydrosphere, 
atmosphere, and biosphere. The geosphere includes a hot and mostly metallic 
inner core; a mantle of hot, soft, solid rock; and a crust of rock, soil, and sedi-
ments. The atmosphere is the envelope of gas surrounding the planet. The hydro-
sphere is the ice, water vapor, and liquid water in the atmosphere, ocean, lakes, 
streams, soils, and groundwater. The presence of living organisms of any type 
defines the biosphere; life can be found in many parts of the geosphere, hydro-
sphere, and atmosphere. Humans are of course part of the biosphere, and human 
activities have important impacts on all of Earth’s systems. 

All Earth processes are the result of energy flowing and matter cycling 
within and among Earth’s systems. This energy originates from the sun and from 
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Earth’s interior. Transfers of energy and the movements of matter can cause chem-
ical and physical changes among Earth’s materials and living organisms. 

Solid rocks, for example, can be formed by the cooling of molten rock, the 
accumulation and consolidation of sediments, or the alteration of older rocks by 
heat, pressure, and fluids. These processes occur under different circumstances 
and produce different types of rock. Physical and chemical interactions among 
rocks, sediments, water, air, and plants and animals produce soil. In the carbon, 
water, and nitrogen cycles, materials cycle between living and nonliving forms and 
among the atmosphere, soil, rocks, and ocean. 

Weather and climate are driven by interactions of the geosphere, hydro-
sphere, and atmosphere, with inputs of energy from the sun. The tectonic and 
volcanic processes that create and build mountains and plateaus, for example, 
as well as the weathering and erosion processes that break down these struc-
tures and transport the products, all involve interactions among the geosphere, 
hydrosphere, and atmosphere. The resulting landforms and the habitats they 
provide affect the biosphere, which in turn modifies these habitats and affects 
the atmosphere, particularly through imbalances between the carbon capture 
and oxygen release that occur in photosynthesis, and the carbon release and 
oxygen capture that occur in respiration and in the burning of fossil fuels to 
support human activities. 

Earth exchanges mass and energy with the rest of the solar system. It gains 
or loses energy through incoming solar radiation, thermal radiation to space, and 
gravitational forces exerted by the sun, moon, and planets. Earth gains mass from 
the impacts of meteoroids and comets and loses mass from the escape of gases 
into space.

Earth’s systems are dynamic; they interact over a wide range of temporal 
and spatial scales and continually react to changing influences, including human 
activities. Components of Earth’s systems may appear stable, change slowly over 
long periods of time, or change abruptly, with significant consequences for living 
organisms. Changes in part of one system can cause further changes to that system 
or to other systems, often in surprising and complex ways. 

Grade Band Endpoints for ESS2.A

By the end of grade 2. Wind and water can change the shape of the land. The 
resulting landforms, together with the materials on the land, provide homes for 
living things. 
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By the end of grade 5. 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 mul-
tiple ways to affect Earth’s surface materials and processes. The ocean supports 
a variety of ecosystems and organisms, shapes landforms, and influences climate. 
Winds and clouds in the atmosphere interact with the landforms to determine 
patterns of weather. Rainfall helps shape the 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. Human 
activities affect Earth’s systems and their interactions at its surface. 

By the end of grade 8. All Earth processes are the 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 pro-
duce chemical and physical changes in Earth’s materials and living organisms. 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.

By the end of grade 12. Earth’s systems, being 
dynamic and interacting, cause feedback effects that 
can increase or decrease the original changes. A deep 
knowledge of how feedbacks work within and among 
Earth’s systems is still lacking, thus limiting scientists’ 
ability to predict some changes and their impacts. 

Evidence from deep probes and seismic waves, 
reconstructions of historical changes in Earth’s sur-
face 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 crust. The top part of the 
mantle, along with the crust, forms structures known 
as tectonic plates (link to ESS2.B). 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 the gravitational movement of denser materi-
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als toward the interior. 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, gla-
ciers, 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. 

ESS2.B: PLATE TECTONICS AND LARGE-SCALE SYSTEM INTERACTIONS

Why do the continents move, and what causes earthquakes and volcanoes?

Plate tectonics is the unifying theory that explains the past and current movements 
of the rocks at Earth’s surface and provides a coherent account of its geological 
history. This theory is supported by multiple evidence streams—for example, the 
consistent patterns of earthquake locations, evidence of ocean floor spreading over 
time given by tracking magnetic patterns in undersea rocks and coordinating them 
with changes to Earth’s magnetic axis data, the warping of the land under loads 
(such as lakes and ice sheets), which show that the solid mantle’s rocks can bend 
and even flow. 

The lighter and less dense continents are embedded in heavier and denser 
upper-mantle rocks, and together they make up the moving tectonic plates of the 
lithosphere (Earth’s solid outer layer, i.e., the crust and upper mantle). Tectonic 
plates are the top parts of giant convection cells that bring matter from the hot 
inner mantle up to the cool surface. These movements are driven by the release 
of energy (from radioactive decay of unstable isotopes within Earth’s interior) 
and by the cooling and gravitational downward motion of the dense material of 
the plates after subduction (one plate being drawn under another). The plates 
move across Earth’s surface, carrying the continents, creating and destroying 
ocean basins, producing earthquakes and volcanoes, and forming mountain 
ranges and plateaus. 

Most continental and ocean floor features are the result of geological activi-
ty and earthquakes along plate boundaries. The exact patterns depend on whether 

❚ Plate tectonics is the unifying theory that explains the past and current 

movements of the rocks at Earth’s surface and provides a coherent 

account of its geological history. ❚
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the plates are being pushed together to create mountains or deep ocean trenches, 
being pulled apart to form new ocean floor at mid-ocean ridges, or sliding past 
each other along surface faults. Most distributions of rocks within Earth’s crust, 
including minerals, fossil fuels, and energy resources, are a direct result of the his-
tory of plate motions and collisions and the corresponding changes in the configu-
rations of the continents and ocean basins. 

This history is still being written. Continents are continually being shaped 
and reshaped by competing constructive and destructive geological processes. 
North America, for example, has gradually grown in size over the past 4 billion 
years through a complex set of interactions with other continents, including the 
addition of many new crustal segments. 

Grade Band Endpoints for ESS2.B

By the end of grade 2. Rocks, soils, and sand are present in most areas where 
plants and animals live. There may also be rivers, streams, lakes, and ponds. Maps 
show where things are located. One can map the shapes and kinds of land and 
water in any area.

By the end of grade 5. The locations of mountain ranges, deep ocean trenches, 
ocean floor structures, earthquakes, and volcanoes occur in patterns. Most earth-
quakes 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 where 
people live and in other areas of Earth.

By the end of grade 8. 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 geological history. Plate movements are responsible for most 
continental and ocean floor features and for the distribution of most rocks and 
minerals within Earth’s crust. Maps of ancient land and water patterns, based 
on investigations of rocks and fossils, make clear how Earth’s plates have moved 
great distances, collided, and spread apart.

By the end of grade 12. The radioactive decay of unstable isotopes continu-
ally 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.
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ESS2.C: THE ROLES OF WATER IN EARTH’S SURFACE PROCESSES

How do the properties and movements of water shape Earth’s surface and affect 
its systems?

Earth is often called the water planet because of the abundance of liquid water on 
its surface and because water’s unique combination of physical and chemical prop-
erties is central to Earth’s dynamics. These properties include water’s exceptional 
capacity to absorb, store, and release large amounts of energy as it changes state; 
to transmit sunlight; to expand upon freezing; to dissolve and transport many 
materials; and to lower the viscosities and freezing points of the material when 
mixed with fluid rocks in the mantle. Each of these properties plays a role in how 
water affects other Earth systems (e.g., ice expansion contributes to rock erosion, 
ocean thermal capacity contributes to moderating temperature variations).

Water is found almost everywhere on Earth, from high in the atmosphere (as 
water vapor and ice crystals) to low in the atmosphere (precipitation, droplets in 
clouds) to mountain snowcaps and glaciers (solid) to running liquid water on the 
land, ocean, and underground. Energy from the sun and the force of gravity drive 
the continual cycling of water among these reservoirs. Sunlight causes evaporation 
and propels oceanic and atmospheric circulation, which transports water around 
the globe. Gravity causes precipitation to fall from clouds and water to flow 
downward on the land through watersheds.

About 97 percent of Earth’s water is in the ocean, and most fresh water is 
contained in glaciers or underground aquifers; only a tiny fraction of Earth’s water 
is found in streams, lakes, and rivers. The relative availability of water is a major 
factor in distinguishing habitats for different living organisms. 

Water participates both in the dissolution and formation of Earth’s materi-
als. The downward flow of water, both in liquid and solid form, shapes landscapes 
through the erosion, transport, and deposition of sediment. Shoreline waves in the 
ocean and lakes are powerful agents of erosion. Over millions of years, coastlines 
have moved back and forth over continents by hundreds of kilometers, largely due 
to the rise and fall of sea level as the climate changed (e.g., ice ages).

Grade Band Endpoints for ESS2.C

By the end of grade 2. Water is found in the ocean, rivers, lakes, and ponds. 
Water exists as solid ice and in liquid form. It carries soil and rocks from one 
place to another and determines the variety of life forms that can live in a particu-
lar location. 
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By the end of grade 5. Water is found almost everywhere on Earth: as vapor; 
as fog or clouds in the atmosphere; as rain or snow falling from clouds; as ice, 
snow, and running water on land and in the ocean; and as groundwater beneath 
the surface. The downhill movement of water as it flows to the ocean shapes the 
appearance of the land. 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. 

By the end of grade 8. Water continually cycles among land, ocean, and atmo-
sphere via transpiration, evaporation, condensation and crystallization, and pre-
cipitation as well as downhill flows on land. 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 determi-
nants of local weather patterns. 
Global movements of water and its 
changes in form are propelled by 
sunlight and gravity. Variations in 
density due to variations in tem-
perature and salinity drive a global 
pattern of interconnected ocean cur-
rents. Water’s movements—both on 
the land and underground—cause 
weathering and erosion, which 
change the land’s surface features 
and create underground formations. 

By the end of grade 12. 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. These properties include water’s exceptional capacity to 

❚ Earth is often called the water planet because of the abundance of 

liquid water on its surface and because water’s unique combination of 

physical and chemical properties is central to Earth’s dynamics. ❚
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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. 

ESS2.D: WEATHER AND CLIMATE

What regulates weather and climate?

Weather, which varies from day to day and seasonally throughout the year, is the 
condition of the atmosphere at a given place and time. Climate is longer term and 
location sensitive; it is the range of a region’s weather over 1 year or many years, 
and, because it depends on latitude and geography, it varies from place to place. 
Weather and climate are shaped by complex interactions involving sunlight, the 
ocean, the atmosphere, ice, landforms, and living things. These interactions can 
drive changes that occur over multiple time scales—from days, weeks, and months 
for weather to years, decades, centuries, and beyond—for climate.

The ocean exerts a major influence on weather and climate. It absorbs and 
stores large amounts of energy from the sun and releases it very slowly; in that 
way, the ocean moderates and stabilizes global climates. Energy is redistributed 
globally through ocean currents (e.g., the Gulf Stream) and also through atmo-
spheric circulation (winds). Sunlight heats Earth’s surface, which in turn heats the 
atmosphere. The resulting temperature patterns, together with Earth’s rotation 
and the configuration of continents and oceans, control the large-scale patterns of 
atmospheric circulation. Winds gain energy and water vapor content as they cross 
hot ocean regions, which can lead to tropical storms. 

The “greenhouse effect” keeps Earth’s surface warmer than it would be 
otherwise. To maintain any average temperature over time, energy inputs from 
the sun and from radioactive decay in Earth’s interior must be balanced by 
energy loss due to radiation from the upper atmosphere. However, what deter-
mines the temperature at which this balance occurs is a complex set of absorp-
tion, reflection, transmission, and redistribution processes in the atmosphere and 
oceans that determine how long energy stays trapped in these systems before 
being radiated away. Certain gases in the atmosphere (water vapor, carbon diox-
ide, methane, and nitrous oxides), which absorb and retain energy that radiates 
from Earth’s surface, essentially insulate the planet. Without this phenomenon, 
Earth’s surface would be too cold to be habitable. However, changes in the 
atmosphere, such as increases in carbon dioxide, can make regions of Earth too 
hot to be habitable by many species.
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Climate changes, which are defined as significant and persistent changes in 
an area’s average or extreme weather conditions, can occur if any of Earth’s sys-
tems change (e.g., composition of the atmosphere, reflectivity of Earth’s surface). 
Positive feedback loops can amplify the impacts of these effects and trigger rela-
tively abrupt changes in the climate system; negative feedback loops tend to main-
tain stable climate conditions. 

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 varia-
tions, shifts in the tilt of Earth’s axis, or atmo-
spheric 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.

Natural factors that cause climate 
changes over human time scales (tens or hun-
dreds of years) include variations in the sun’s 
energy output, ocean circulation patterns, 
atmospheric composition, and volcanic activ-
ity. (See ESS3.D for a detailed discussion of 
human activities and global climate change.) 
When ocean currents change their flow pat-
terns, such as during El Niño Southern 
Oscillation conditions, some global regions 
become warmer or wetter and others become 

colder or drier. Cumulative increases in the atmospheric concentration of carbon 
dioxide and other greenhouse gases, whether arising from natural sources or 
human industrial activity (see ESS3.D), increase the capacity of Earth to retain 
energy. Changes in surface or atmospheric reflectivity change the amount of 
energy from the sun that enters the planetary system. Icy surfaces, clouds, aero-
sols, and larger particles in the atmosphere, such as from volcanic ash, reflect sun-
light and thereby decrease the amount of solar energy that can enter the weather/
climate system. Conversely, dark surfaces (e.g., roads, most buildings) absorb sun-
light and thus increase the energy entering the system.
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Grade Band Endpoints for ESS2.D

By the end of grade 2. Weather is the combination of sunlight, wind, snow or 
rain, and temperature in a particular region at a particular time. People mea-
sure these conditions to describe and record the weather and to notice patterns 
over time.

By the end of grade 5. Weather is the minute-by-minute to day-by-day variation 
of the atmosphere’s condition on a local scale. Scientists record the patterns of the 
weather across different times and areas so that they can make predictions about 
what kind of weather might happen next. Climate describes the ranges of an area’s 
typical weather conditions and the extent to which those conditions vary over 
years to centuries. 

By the end of grade 8. Weather and climate are influenced by interactions involv-
ing 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. Because these patterns 
are so complex, weather can be predicted only probabilistically. 

The ocean exerts a major influence on weather and climate by absorbing 
energy from the sun, releasing it over time, and globally redistributing it through 
ocean currents. Greenhouse gases in the atmosphere absorb and retain the energy 
radiated from land and ocean surfaces, thereby regulating Earth’s average surface 
temperature and keeping it habitable. 

By the end of grade 12. The foundation for Earth’s global climate system is the 
electromagnetic radiation from the sun as well as its reflection, absorption, stor-
age, and redistribution among the atmosphere, ocean, and land systems and this 
energy’s reradiation into space. Climate change can occur when certain parts of 
Earth’s systems are altered. Geological evidence indicates that past climate changes 
were either sudden changes caused by alterations in the atmosphere; longer term 
changes (e.g., ice ages) due to variations in solar output, Earth’s orbit, or the 
orientation of its axis; or even more gradual atmospheric changes due to plants 
and other organisms that captured carbon dioxide and released oxygen. The time 
scales of these changes varied from a few to millions of years. Changes in the 
atmosphere due to human activity have increased carbon dioxide concentrations 
and thus affect climate (link to ESS3.D).
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Global climate models incorporate scientists’ best knowledge of physical and 
chemical processes and of the interactions of relevant systems. They are tested by 
their ability to fit past climate variations. Current models predict that, although 
future regional climate changes will be complex and varied, average global tem-
peratures 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 the biosphere. Hence the outcomes depend on human behaviors 
(link to ESS3.D) as well as on natural factors that involve complex feedbacks 
among Earth’s systems (link to ESS2.A).

ESS2.E: BIOGEOLOGY

How do living organisms alter Earth’s processes and structures?

Evolution, including the emergence and extinction of species, is a natural and 
ongoing process that is shaped by Earth’s dynamic processes. The properties and 
conditions of Earth and its atmosphere affect the environments and conditions 
within which life emerged and evolved—for example, the range of frequencies 
of light that penetrate the atmosphere to Earth’s surface. Organisms continu-
ally evolve to new and often more complex forms as they adapt to new environ-
ments. The evolution and proliferation of living things have changed the makeup 
of Earth’s geosphere, hydrosphere, and atmosphere over geological time. Plants, 

algae, and microorganisms produced 
most of the oxygen (i.e., the O2) in the 
atmosphere through photosynthesis, and 
they enabled the formation of fossil fuels 
and types of sedimentary rocks. Microbes 
also changed the chemistry of Earth’s sur-
face, and they continue to play a critical 
role in nutrient cycling (e.g., of nitrogen) 
in most ecosystems. 

Organisms ranging from bacteria to 
human beings are a major driver of the 
global carbon cycle, and they influence 
global climate by modifying the chemical 
makeup of the atmosphere. Greenhouse 
gases in particular are continually moved 
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through the reservoirs represented by the ocean, land, life, and atmosphere. The 
abundance of carbon in the atmosphere is reduced through the ocean floor accu-
mulation of marine sediments and the accumulation of plant biomass; atmospheric 
carbon is increased through such processes as deforestation and the burning of 
fossil fuels. 

As Earth changes, life on Earth adapts and evolves to those changes, so just 
as life influences other Earth systems, other Earth systems influence life. Life and 
the planet’s nonliving systems can be said to co-evolve. 

Grade Band Endpoints for ESS2.E

By the end of grade 2. Plants and animals (including humans) depend on the land, 
water, and air to live and grow. They in turn can change their environment (e.g., 
the shape of land, the flow of water). 

By the end of grade 5. Living things affect the physical characteristics of their 
regions (e.g., plants’ roots hold soil in place, beaver shelters and human-built 
dams alter the flow of water, plants’ respiration affects the air). Many types of 
rocks and minerals are formed from the remains of organisms or are altered by 
their activities.

By the end of grade 8. Evolution is shaped by Earth’s varying geological condi-
tions. Sudden changes in conditions (e.g., meteor impacts, major volcanic erup-
tions) have caused mass extinctions, but these changes, as well as more gradual 
ones, have ultimately allowed other life forms to flourish. The evolution and pro-
liferation of living things over geological time have in turn changed the rates of 
weathering and erosion of land surfaces, altered the composition of Earth’s soils 
and atmosphere, and affected the distribution of water in the hydrosphere. 

By the end of grade 12. The many dynamic and delicate feedbacks between the 
biosphere and other Earth systems cause a continual co-evolution of Earth’s sur-
face and the life that exists on it. 

Core Idea ESS3 Earth and Human Activity

How do Earth’s surface processes and human activities affect each other? 

Earth’s surface processes affect and are affected by human activities. Humans 
depend on all of the planet’s systems for a variety of resources, some of which 
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are renewable or replaceable and some of which are not. Natural hazards and 
other geological events can significantly alter human populations and activities. 
Human activities, in turn, can contribute to the frequency and intensity of some 
natural hazards. Indeed, humans have become one of the most significant agents 
of change in Earth’s surface systems. In particular, it has been shown that climate 
change—which could have large consequences for all of Earth’s surface systems, 
including the biosphere—is driven not only by natural effects but also by human 
activities. Sustaining the biosphere will require detailed knowledge and modeling 
of the factors that affect climate, coupled with the responsible management of 
natural resources.

ESS3.A: NATURAL RESOURCES

How do humans depend on Earth’s resources?

Humans depend on Earth’s land, ocean, atmosphere, and biosphere for many 
different resources, including air, water, soil, minerals, metals, energy, plants, 
and animals. Some of these resources are renewable over human lifetimes, and 
some are nonrenewable (mineral resources and fossil fuels) or irreplaceable if lost 
(extinct species).

Materials important to modern technological societies are not uniformly 
distributed across the planet (e.g., oil in the Middle East, gold in California). Most 
elements exist in Earth’s crust at concentrations too low to be extracted, but in 
some locations—where geological processes have concentrated them—extraction 
is economically viable. Historically, humans have populated regions that are cli-
matically, hydrologically, and geologically advantageous for fresh water availabil-
ity, food production via agriculture, commerce, and other aspects of civilization. 
Resource availability affects geopolitical relationships and can limit development. 
As the global human population increases and people’s demands for better living 
conditions increase, resources considered readily available in the past, such as land 
for agriculture or drinkable water, are becoming scarcer and more valued. 

All forms of resource extraction and land use have associated economic, 
social, environmental, and geopolitical costs and risks, as well as benefits. New 
technologies and regulations can change the balance of these factors—for exam-
ple, scientific modeling of the long-term environmental impacts of resource use 
can help identify potential problems and suggest desirable changes in the patterns 
of use. Much energy production today comes from nonrenewable sources, such as 
coal and oil. However, advances in related science and technology are reducing the 
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cost of energy from renewable resources, such as sunlight, and some regulations 
are favoring their use. As a result, future energy supplies are likely to come from a 
much wider range of sources.

Grade Band Endpoints for ESS3.A

By the end of grade 2. Living things need water, air, and resources from the land, 
and they try to live in places that have the things they need. Humans use natural 
resources for everything they do: for example, they use soil and water to grow 
food, wood to burn to provide heat or to build shelters, and materials such as iron 
or copper extracted from Earth to make cooking pans.

By the end of grade 5. All materials, energy, and fuels that 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. 

By the end of grade 8. 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. These resources are distributed unevenly around the planet as a result of 
past geological processes (link to ESS2.B). Renewable energy resources, and the 
technologies to exploit them, are being rapidly developed. 

By the end of grade 12. Resource availability has guided the development of 
human society. 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 regulations can change the bal-
ance of these factors. 

ESS3.B: NATURAL HAZARDS

How do natural hazards affect individuals and societies?

Natural processes can cause sudden or gradual changes to Earth’s systems, some 
of which may adversely affect humans. Through observations and knowledge 
of historical events, people know where certain of these hazards—such as earth-
quakes, tsunamis, volcanic eruptions, severe weather, floods, and coastal erosion—
are likely to occur. Understanding these kinds of hazards helps us prepare for and 
respond to them.
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While humans cannot eliminate natural hazards, they can take steps to 
reduce their impacts. For example, loss of life and economic costs have been 
greatly reduced by improving construction, developing warning systems, identify-
ing and avoiding high-risk locations, and increasing community preparedness and 
response capability. 

Some natural hazards are preceded by geological activities that allow for reli-
able predictions; others occur suddenly, with no notice, and are not yet predictable. 
By tracking the upward movement of magma, for example, volcanic eruptions can 
often be predicted with enough advance warning to allow neighboring regions to be 
evacuated. Earthquakes, in contrast, occur suddenly; the specific time, day, or year 
cannot be predicted. However, the history of earthquakes in a region and the map-
ping of fault lines can help forecast the likelihood of future events. Finally, satellite 
monitoring of weather patterns, along with measurements from land, sea, and air, 
usually can identify developing severe weather and lead to its reliable forecast.

Natural hazards and other geological events have shaped the course of 
human history, sometimes significantly altering the size of human populations or 
driving human migrations. Natural hazards can be local, regional, or global in 
origin, and even local events can have distant impacts because of the intercon-
nectedness of human societies and Earth’s systems. Human activities can contrib-
ute to the frequency and intensity of some natural hazards (e.g., flooding, forest 
fires), and risks from natural hazards increase as populations—and population 
densities—increase in vulnerable locations.

Grade Band Endpoints for ESS3.B

By the end of grade 2. Some kinds of severe weather are more likely than others 
in a given region. Weather scientists forecast severe weather so that communities 
can prepare for and respond to these events.

By the end of grade 5. A variety of hazards result from natural processes (e.g., 
earthquakes, tsunamis, volcanic eruptions, severe weather, floods, coastal erosion). 
Humans cannot eliminate natural hazards but can take steps to reduce their impacts.

❚ Natural hazards and other geological events have shaped the course 

of human history, sometimes significantly altering the size of human 

populations or driving human migrations. ❚
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By the end of grade 8. Some natural hazards, such as volcanic eruptions and 
severe weather, are preceded by phenomena that allow for reliable predictions. 
Others, such as earthquakes, occur suddenly and with no notice, and thus they are 

not yet predictable. However, mapping 
the history of natural hazards in a region, 
combined with an understanding of relat-
ed geological forces can help forecast the 
locations and likelihoods of future events. 

By the end of grade 12. Natural hazards 
and other geological events have shaped 
the course of human history by destroy-
ing buildings and cities, eroding land, 
changing the course of rivers, and reduc-
ing the amount of arable land. These 
events have significantly altered the sizes 
of human populations and have driven 

human migrations. Natural hazards can be local, regional, or global in origin, and 
their risks increase as populations grow. Human activities can contribute to the 
frequency and intensity of some natural hazards. 

ESS3.C: HUMAN IMPACTS ON EARTH SYSTEMS

How do humans change the planet?

Recorded history, as well as chemical and geological evidence, indicates that 
human activities in agriculture, industry, and everyday life have had major impacts 
on the land, rivers, ocean, and air. Humans affect the quality, availability, and dis-
tribution of Earth’s water through the modification of streams, lakes, and ground-
water. Large areas of land, including such delicate ecosystems as wetlands, forests, 
and grasslands, are being transformed by human agriculture, mining, and the 
expansion of settlements and roads. Human activities now cause land erosion and 
soil movement annually that exceed all natural processes. Air and water pollution 
caused by human activities affect the condition of the atmosphere and of rivers 
and lakes, with damaging effects on other species and on human health. The activ-
ities of humans have significantly altered the biosphere, changing or destroying 
natural habitats and causing the extinction of many living species. These changes 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

195Dimension 3: Disciplinary Core Ideas—Earth and Space Sciences

also affect the viability of agriculture or fisheries to support human populations. 
Land use patterns for agriculture and ocean use patterns for fishing are affected 
not only by changes in population and needs but also by changes in climate or 
local conditions (such as desertification due to overuse or depletion of fish popula-
tions by overextraction).

Thus humans have become one of the most significant agents of change in 
the near-surface Earth system. And because all of Earth’s subsystems are intercon-
nected, changes in one system can produce unforeseen changes in others.

The activities and advanced technologies that have built and maintained 
human civilizations clearly have large consequences for the sustainability of these 
civilizations and the ecosystems with which they interact. As the human popula-
tion grows and per-capita consumption of natural resources increases to provide a 
greater percentage of people with more developed lifestyles and greater longevity, 
so do the human impacts on the planet. 

Some negative effects of human activities are reversible with informed 
and responsible management. For example, communities are doing many things 
to help protect Earth’s resources and environments. They are treating sewage, 
reducing the amount of materials they use, and reusing and recycling materials. 
Regulations regarding water and air pollution have greatly reduced acid rain 
and stream pollution, and international treaties on the use of certain refriger-
ant gases have halted the growth of the annual ozone hole over Antarctica. 
Regulation of fishing and the development of marine preserves can help restore 
and maintain fish populations. In addition, the development of alternative ener-
gy sources can reduce the environmental impacts otherwise caused by the use of 
fossil fuels. 

The sustainability of human societies and of the biodiversity that supports 
them requires responsible management of natural resources not only to reduce 
existing adverse impacts but also to prevent such impacts to the extent possible. 
Scientists and engineers can make major contributions by developing technologies 
that produce less pollution and waste and that preclude ecosystem degradation. 

Grade Band Endpoints for ESS3.C

By the end of grade 2. Things that 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—for example, by reducing trash through 
reuse and recycling. 
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By the end of grade 5. 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. For example, they are treating sewage, reducing the 
amounts of materials they use, and regulating sources of pollution such as emis-
sions from factories and power plants or the runoff from agricultural activities.

By the end of grade 8. Human activities have significantly altered the biosphere, 
sometimes damaging or destroying natural habitats and causing the extinction 
of many other species. But changes to Earth’s environments can have different 
impacts (negative and positive) for different living things. Typically, as human 
populations and per-capita consumption of natural resources increase, so do the 
negative impacts on Earth unless the activities and technologies involved are engi-
neered otherwise.

By the end of grade 12. The sustainability of human societies and the biodiver-
sity that supports them requires responsible management of natural resources. 
Scientists and engineers can make major contributions—for example, by develop-
ing technologies that produce less pollution and waste and that preclude ecosys-
tem degradation. When the source of an environmental problem is understood 
and international agreement can be reached, human activities can be regulated to 
mitigate global impacts (e.g., acid rain and the ozone hole near Antarctica). 

ESS3.D: GLOBAL CLIMATE CHANGE

How do people model and predict the effects of human activities on Earth’s climate?

Global climate change, shown to be driven by both natural phenomena and by 
human activities, could have large consequences for all of Earth’s surface systems, 
including the biosphere (see ESS3.C for a general discussion of climate). Humans 
are now so numerous and resource dependent that their activities affect every part 
of the environment, from outer space and the stratosphere to the deepest ocean. 

❚ Recorded history, as well as chemical and geological evidence, 

indicates that human activities in agriculture, industry, and everyday life 

have had major impacts on the land, rivers, ocean, and air. ❚
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However, by using science-based predictive models, humans can anticipate long-
term change more effectively than ever before and plan accordingly. 

Global changes usually happen too slowly for individuals to recognize, but 
accumulated human knowledge, together with further scientific research, can help 
people learn more about these challenges and guide their responses. For example, 
there are historical records of weather conditions and of the times when plants 
bloom, animals give birth or migrate, and lakes and rivers freeze and thaw. And 
scientists can deduce long-past climate conditions from such sources as fossils, pol-
len grains found in sediments, and isotope ratios in samples of ancient materials.

Scientists build mathematical climate models that simulate the underlying 
physics and chemistry of the many Earth systems and their complex interactions 
with each other. These computational models summarize the existing evidence, are 
tested for their ability to match past patterns, and are then used (together with 
other kinds of computer models) to forecast how the future may be affected by 
human activities. The impacts of climate change are uneven and may affect some 
regions, species, or human populations more severely than others.

Climate models are important tools for predicting, for example, when and 
where new water supplies will be needed, when and which natural resources will 
become scarce, how weather patterns may change and with what consequences, 
whether proposed technological concepts for controlling greenhouse gases will 
work, and how soon people will have to leave low-lying coastal areas if sea levels 
continue to rise. Meanwhile, important discoveries are being made—for example, 
about how the biosphere is responding to the climate changes that have already 
occurred, how the atmosphere is responding to changes in anthropogenic green-
house gas emissions, and how greenhouse gases move between the ocean and the 
atmosphere over long periods. Such information, from models and other scientific 
and engineering efforts, will continue to be essential to planning for humanity’s—
and the global climate’s—future. 

It is important to note that although forecasting the consequences of envi-
ronmental change is crucial to society, it involves so many complex phenomena 
and uncertainties that predictions, particularly long-term predictions, always have 
uncertainties. These arise not only from uncertainties in the underlying science 
but also from uncertainties about behavioral, economic, and political factors that 
affect human activity and changes in activity in response to recognition of the 
problem. However, it is clear not only that human activities play a major role in 
climate change but also that impacts of climate change—for example, increased 
frequency of severe storms due to ocean warming—have begun to influence 
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human activities. The prospect of future impacts of climate change due to further 
increases in atmospheric carbon is prompting consideration of how to avoid or 
restrict such increases. 

Grade Band Endpoints for ESS3.D

By the end of grade 2. [Intentionally left blank.]

By the end of grade 5. If Earth’s global mean temperature continues to rise, the 
lives of humans and other organisms will be affected in many different ways.

By the end of grade 8. Human activities, such as the release of greenhouse gases 
from burning fossil fuels, are major factors in the current rise in Earth’s mean sur-
face temperature (global warming). Reducing human vulnerability to whatever cli-
mate changes do occur depend on the understanding of climate science, engineer-
ing capabilities, and other kinds of knowledge, such as understanding of human 
behavior and on applying that knowledge wisely in decisions and activities. 

By the end of grade 12. Global climate models are often used to understand the 
process of climate change because these changes are complex and can occur slowly 
over Earth’s history. Though the magnitudes of humans’ impacts are greater than 
they have ever been, so too are humans’ abilities to model, predict, and manage 
current and future impacts. 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, as 
well as to changes in human activities. Thus science and engineering will be essen-
tial both to understanding the possible impacts of global climate change and to 
informing decisions about how to slow its rate and consequences—for humanity 
as well as for the rest of the planet. 
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In Chapter 3, we assert that “any [science] education that focuses predomi-
nantly on the detailed products of scientific labor—the facts of science—
without developing an understanding of how those facts were established or 

that ignores the many important applications of science in the world misrepresents 
science and marginalizes the importance of engineering.” This statement has two 
implications for science education standards in general and for this report’s frame-
work in particular. The first is that students should learn how scientific knowledge 
is acquired and how scientific explanations are developed. The second is that stu-
dents should learn how science is utilized, in particular through the engineering 
design process, and they should come to appreciate the distinctions and relation-
ships between engineering, technology, and applications of science (ETS). These 
three terms are defined in Box 8-1. 

Chapter 3 describes how an understanding of engineering practices can 
develop as they are used in the classroom to help students acquire and apply sci-
ence knowledge. There is also a domain of knowledge related to these practices, 
and it constitutes the framework’s first ETS core idea—ETS1: Engineering Design. 
Although there is not yet broad agreement on the full set of core ideas in engineer-
ing [1], an emerging consensus is that design is a central practice of engineering; 
indeed, design is the focus of the vast majority of K-12 engineering curricula cur-
rently in use. The committee is aware that engineers not only design new tech-
nologies, but they also sometimes fabricate, operate, inspect, and maintain them. 
However, from a teaching and learning point of view, it is the iterative cycle of 
design that offers the greatest potential for applying science knowledge in the 

Dimension 3
DISCIPLINARY CORE IDEAS— 
ENGINEERING, TECHNOLOGY, AND 
APPLICATIONS OF SCIENCE

8
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classroom and engaging in engineering practices. The components of this core idea 
include understanding how engineering problems are defined and delimited, how 
models can be used to develop and refine possible solutions to a design problem, 
and what methods can be employed to optimize a design. 

The second ETS core idea calls for students to explore, as its name implies, 
the “Links Among Engineering, Technology, Science, and Society” (ETS2). The 
applications of science knowledge and practices to engineering, as well as to such 
areas as medicine and agriculture, have contributed to the technologies and the 
systems that support them that serve people today. Insights gained from scientific 
discovery have altered the ways in which buildings, bridges, and cities are con-
structed; changed the operations of factories; led to new methods of generating 
and distributing energy; and created new modes of travel and communication. 
Scientific insights have informed methods of food production, waste disposal, and 
the diagnosis and treatment of disease. In other words, science-based, or science-
improved, designs of technologies and systems affect the ways in which people 
interact with each other and with the environment, and thus these designs deeply 
influence society. 

In turn, society influences science and engineering. Societal decisions, which 
may be shaped by a variety of economic, political, and cultural factors, establish 
goals and priorities for technologies’ improvement or replacement. Such decisions 
also set limits—in controlling the extraction of raw materials, for example, or 
in setting allowable emissions of pollution from mining, farming, and industry. 
Goals, priorities, and limits are needed for regulating new technologies, which can 

DEFINITIONS OF TECHNOLOGY, ENGINEERING, AND APPLICATIONS OF SCIENCE

Technology is any modification of the natural world made to fulfill human needs or desires [2].

Engineering is a systematic and often iterative approach to designing objects, processes, and systems to meet 
human needs and wants [2].

An application of science is any use of scientific knowledge for a specific purpose, whether to do more science; 
to design a product, process, or medical treatment; to develop a new technology; or to predict the impacts of 
human actions.

BOX 8-1
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have deep impacts on society and the environment. The impacts may not have 
been anticipated when the technologies were introduced (e.g., refrigerant gases 
that depleted stratospheric ozone) or may build up over time to levels that require 
mitigation (toxic pesticides, lead in gasoline). Thus the balancing of technologies’ 
costs, benefits, and risks is a critical element of ETS2. Box 8-2 summarizes the 
framework’s two ETS core ideas and their components.

The fields of science and engineering are mutually supportive. New tech-
nologies expand the reach of science, allowing the study of realms previously inac-
cessible 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 technolo-
gies work so they can be improved; scientific discoveries are exploited to create 
new technologies in the first place. Scientists and engineers often work together in 
teams, especially in new fields, such as nanotechnology or synthetic biology that 
blur the lines between science and engineering. Students should come to under-
stand these interactions and at increasing levels of sophistication as they mature. 
Their appreciation of the interface of science, engineering, and society should give 
them deeper insights into local, national, and global issues.

CORE AND COMPONENT IDEAS IN ENGINEERING,  
TECHNOLOGY, AND APPLICATIONS OF SCIENCE

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

BOX 8-2
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The 2010 National Academy of Engineering report Standards for K-12 
Engineering Education? [1] concluded that it is not appropriate at present to 
develop standalone K-12 engineering standards. But the report also made it clear 
that engineering concepts and skills are already embedded in existing standards for 
science and technology education, at both the state and national levels—and the 
report recommended that this practice continue. In addition, it affirmed the value 
of teaching engineering ideas, particularly engineering design, to young students. 

In line with those conclusions and recommendations, the goal of this section 
of the framework—and of this chapter—is not to replace current K-12 engineering 
and technology courses. The chapter’s goal is rather to strengthen the science edu-
cation provided to K-12 students by making the connections between engineering, 
technology, and applications of science explicit, both for standards developers and 
curriculum developers. In that way, we hope to ensure that all students, whatever 
their path through K-12 education, gain an appreciation of these connections. 

Core Idea ETS1 Engineering Design

How do engineers solve problems? 

The design process—engineers’ basic approach to problem solving—involves many 
different practices. They include problem definition, model development and use, 
investigation, analysis and interpretation of data, application of mathematics and 
computational thinking, and determination of solutions. These engineering prac-
tices incorporate specialized knowledge about criteria and constraints, modeling 
and analysis, and optimization and trade-offs.

ETS1.A: DEFINING AND DELIMITING AN ENGINEERING PROBLEM

What is a design for?
What are the criteria and constraints of a successful solution?

The engineering design process begins with the identification of a problem to solve 
and the specification of clear goals, or criteria, that the final product or system 
must meet. Criteria, which typically reflect the needs of the expected end-user of 
a technology or process, address such things as how the product or system will 
function (what job it will perform and how), its durability, and its cost. Criteria 
should be quantifiable whenever possible and stated so that one can tell if a given 
design meets them.
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Engineers must contend with a variety of limitations, or constraints, when 
they engage in design. Constraints, which frame the salient conditions under 
which the problem must be solved, may be physical, economic, legal, political, 
social, ethical, aesthetic, or related to time and place. In terms of quantitative mea-
surements, constraints may include limits on cost, size, weight, or performance, 
for example. And although constraints place restrictions on a design, not all of 
them are permanent or absolute. 

Grade Band End Points for ETS1.A

By the end of grade 2. 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. Asking questions, making observations, and 
gathering information are helpful in thinking about problems. Before beginning to 
design a solution, it is important to clearly understand the problem. 

By the end of grade 5. Possible solutions to a problem are limited by available 
materials and resources (constraints). The success of a designed solution is deter-
mined by considering the desired features of a solution (criteria). Different propos-
als 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. 

By the end of grade 8. 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 are likely to limit possible solutions (e.g., familiarity with 
the local climate may rule out certain plants for the school garden). 

By the end of grade 12. Design criteria and constraints, which typically reflect 
the needs of the end-user of a technology or process, address such things as the 
product’s or system’s function (what job it will perform and how), its durability, 
and limits on its size and cost. 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.

Humanity faces major global challenges today, such as the need for sup-
plies of clean water and food or for energy sources that minimize pollution, 
which can be addressed through engineering. These global challenges also may 
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have manifestations in local communities. But 
whatever the scale, the first thing that engineers 
do is define the problem and specify the criteria 
and constraints for potential solutions.

ETS1.B: DEVELOPING POSSIBLE SOLUTIONS

What is the process for developing potential 
design solutions?

The creative process of developing a new design 
to solve a problem is a central element of engi-
neering. This process may begin with a relatively 
open-ended phase during which new ideas are 
generated both by individuals and by group 
processes such as brainstorming. Before long, 
the process must move to the specification of 

solutions that meet the criteria and constraints at hand. Initial ideas may be com-
municated through informal sketches or diagrams, although they typically become 
more formalized through models. The ability to build and use physical, graphi-
cal, and mathematical models is an essential part of translating a design idea into 
a finished product, such as a machine, building, or any other working system. 
Because each area of engineering focuses on particular types of systems (e.g., 
mechanical, electrical, biotechnological), engineers become expert in the elements 
that such systems need. But whatever their fields, all engineers use models to help 
develop and communicate solutions to design problems. 

Models allow the designer to better understand the features of a design 
problem, visualize elements of a possible solution, predict a design’s perfor-
mance, and guide the development of feasible solutions (or, if possible, the opti-
mal solution). A physical model can be manipulated and tested for parameters of 
interest, such as strength, flexibility, heat conduction, fit with other components, 
and durability. Scale models and prototypes are particular types of physical 
models. Graphical models, such as sketches and drawings, permit engineers to 
easily share and discuss design ideas and to rapidly revise their thinking based 
on input from others. 

Mathematical models allow engineers to estimate the effects of a change 
in one feature of the design (e.g., material composition, ambient temperature) 
on other features, or on performance as a whole, before the designed product 
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is actually built. Mathematical models are often embedded in computer-based 
simulations. Computer-aided design (CAD) and computer-aided manufacturing 
(CAM) are modeling tools commonly used in engineering.

Data from models and experiments can be analyzed to make decisions 
about modifying a design. The analysis may reveal performance information, 
such as which criteria a design meets, or predict how well the overall designed 
system or system component will behave under certain conditions. If analysis 
reveals that the predicted performance does not align with desired criteria, the 
design can be adjusted. 

Grade Band Endpoints for ETS1.B

By the end of grade 2. 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. To design something complicated, one may 
need to break the problem into parts and attend to each part separately but must 
then bring the parts together to test the overall plan.

By the end of grade 5. Research on a problem should be carried out—for exam-
ple, through Internet searches, market research, or field observations—before 
beginning to design a solution. An often productive way to generate ideas is for 
people to work together to brainstorm, test, and refine possible solutions. Testing 
a solution involves investigating how well it performs under a range of likely 
conditions. Tests are often designed to identify failure points or difficulties, which 
suggest the elements of the design that need to be improved. 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.

There are many types of models, ranging from simple physical models to 
computer models. They can be used to investigate how a design might work, com-
municate the design to others, and compare different designs. 

❚ Models allow the designer to better understand the features of a design 

problem, visualize elements of a possible solution, predict a design’s 

performance, and guide the development of feasible solutions. ❚
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By the end of grade 8. A solution needs to be tested, and then modified on the 
basis of the test results, in order to improve it. There are systematic processes 
for evaluating solutions with respect to how well they meet the criteria and con-

straints of a problem. Sometimes parts 
of different solutions can be combined 
to create a solution that is better than 
any of its predecessors. In any case, it is 
important to be able to communicate and 
explain solutions to others.

Models of all kinds are important 
for testing solutions, and computers are 
a valuable tool for simulating systems. 
Simulations are useful for predicting 
what would happen if various param-
eters of the model were changed, as 
well as for making improvements to the 
model based on peer and leader (e.g., 
teacher) feedback.

By the end of grade 12. Complicated problems may need to be broken down into 
simpler components in order to develop and test solutions. When evaluating solu-
tions, it is important to take into account a range of constraints, including cost, 
safety, reliability, and aesthetics, and to consider social, cultural, and environmen-
tal impacts. Testing should lead to improvements in the design through an itera-
tive procedure. 

Both physical models and computers can be used in various ways to aid in 
the engineering design process. Physical models, or prototypes, are helpful in test-
ing product ideas or the properties of different materials. Computers are useful 
for a variety of purposes, such as in representing a design in 3-D through CAD 
software; in troubleshooting to identify and describe a design problem; in 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. 

ETS1.C: OPTIMIZING THE DESIGN SOLUTION

How can the various proposed design solutions be compared and improved?
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Multiple solutions to an engineering design problem are always possible because 
there is more than one way to meet the criteria and satisfy the constraints. But 
the aim of engineering is not simply to design a solution to a problem but to 
design the best solution. Determining what constitutes “best,” however, requires 
value judgments, given that one person’s view of the optimal solution may differ 
from another’s. 

Optimization often requires making trade-offs among competing criteria. 
For example, as one criterion (such as lighter weight) is enhanced, another (such 
as unit cost) might be sacrificed (i.e., cost may be increased due to the higher 
cost of lightweight materials). In effect, one criterion is devalued or traded off for 
another that is deemed more important. When multiple possible design options 
are under consideration, with each optimized for different criteria, engineers may 
use a trade-off matrix to compare the overall advantages and disadvantages of the 
different proposed solutions.

The decision as to which criteria are critical and which ones can be traded 
off is a judgment based on the situation and the perceived needs of the end-user of 
the product or system. Because many factors—including environmental or health 
impacts, available technologies, and the expectations of users—change over time 
and vary from place to place, a design solution that is considered optimal at one 
time and place may appear far from optimal at other times and places. Thus dif-
ferent designs, each of them optimized for different conditions, are often needed. 

Grade Band Endpoints for ETS1.C

By the end of grade 2. Because there is always more than one possible solution to 
a problem, it is useful to compare designs, test them, and discuss their strengths 
and weaknesses. 

By the end of grade 5. Different solutions need to be tested in order to determine 
which of them best solves the problem, given the criteria and the constraints. 

By the end of grade 8. There are systematic processes for evaluating solutions 
with respect to how well they meet the criteria and constraints of a problem. 
Comparing different designs could involve running them through the same kinds of 
tests and systematically recording the results to determine which design performs 
best. Although one design may not perform 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 those characteristics may be 
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incorporated into the new design. This iterative process of testing the most promis-
ing solutions and modifying what is proposed on the basis of the test results leads 
to greater refinement and ultimately to an optimal solution. Once such a suitable 
solution is determined, it is important to describe that solution, explain how it was 
developed, and describe the features that make it successful.

By the end of grade 12. The aim of engineering is not simply to find a solution to 
a problem but to design the best solution under the given constraints and crite-
ria. Optimization can be complex, however, for a design problem with numerous 
desired qualities or outcomes. 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. The comparison of mul-
tiple designs can be aided by a trade-off matrix. Sometimes a numerical weighting 
system can help evaluate a design against multiple criteria. When evaluating solu-
tions, all relevant considerations, including cost, safety, reliability, and aesthetic, 
social, cultural, and environmental impacts, should be included. Testing should 
lead to design improvements through an iterative process, and computer simula-
tions are one useful way of running such tests.

Core Idea ETS2 Links Among Engineering, Technology, Science, and Society

How are engineering, technology, science, and society interconnected?

New insights from science often catalyze the emergence of new technologies 
and their applications, which are developed using engineering design. In turn, 
new technologies open opportunities for new scientific investigations. Together, 
advances in science, engineering, and technology can have—and indeed have 
had—profound effects on human society, in such areas as agriculture, transpor-
tation, health care, and communication, and on the natural environment. Each 
system can change significantly when new technologies are introduced, with both 
desired effects and unexpected outcomes. 

ETS2.A: INTERDEPENDENCE OF SCIENCE, ENGINEERING, AND 
TECHNOLOGY

What are the relationships among science, engineering, and technology?

The fields of science and engineering are mutually supportive, and scientists and engi-
neers often work together in teams, especially in fields at the borders of science and 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

211Dimension 3: Disciplinary Core Ideas—Engineering, Technology, and Applications of Science

engineering. Advances in science offer new capabilities, new materials, or new under-
standing of processes that can be applied through engineering to produce advances in 
technology. Advances in technology, in turn, provide scientists with new capabilities 
to probe the natural world at larger or smaller scales; to record, manage, and analyze 
data; and to model ever more complex systems with greater precision. In addition, 
engineers’ efforts to develop or improve technologies often raise new questions for 
scientists’ investigation.

Grade Band Endpoints for ETS2.A

By the end of grade 2. People encounter questions about the natural world every 
day. There are many types of tools produced by engineering that can be used 
in science to help answer these questions through observation or measurement. 
Observations and measurements are also used in engineering to help test and 
refine design ideas.

By the end of grade 5. Tools and instruments (e.g., rulers, balances, thermometers, 
graduated cylinders, telescopes, microscopes) are used in scientific exploration 
to gather data and help answer questions about the natural world. Engineering 
design can develop and improve such technologies. Scientific discoveries about the 
natural world can often lead to new and improved technologies, which are devel-
oped through the engineering design process. Knowledge of relevant scientific con-
cepts and research findings is important in engineering.

By the end of grade 8. Engineering advances have led to important discoveries in 
virtually every field of science, and scientific discoveries have led to the develop-
ment of entire industries and engineered systems. In order to design better tech-
nologies, new science may need to be explored (e.g., materials research prompted 
by desire for better batteries or solar cells, biological questions raised by medical 
problems). Technologies in turn extend the measurement, exploration, modeling, 
and computational capacity of scientific investigations. 
 
By the end of grade 12. Science and engineering complement each other in the 
cycle known as research and development (R&D). Many R&D projects may 

❚ Together, advances in science, engineering, and technology can have—

and indeed have had—profound effects on human society. ❚



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education212

involve scientists, engineers, and others with wide ranges of expertise. For exam-
ple, developing a means for safely and securely disposing of nuclear waste will 
require the participation of engineers with specialties in nuclear engineering, trans-
portation, construction, and safety; it is likely to require as well the contributions 
of scientists and other professionals from such diverse fields as physics, geology, 
economics, psychology, and sociology. 

ETS2.B: INFLUENCE OF ENGINEERING, TECHNOLOGY, AND SCIENCE ON 
SOCIETY AND THE NATURAL WORLD

How do science, engineering, and the technologies that result from them affect the 
ways in which people live? How do they affect the natural world?

From the earliest forms of agriculture to the latest technologies, all human 
activity has drawn on natural resources and has had both short- and long-term 
consequences, positive as well as negative, for the health of both people and the 
natural environment. These consequences have grown stronger in recent human 
history. Society has changed dramatically, and human populations and longev-
ity have increased, as advances in science and engineering have influenced the 
ways in which people interact with one another and with their surrounding 
natural environment.

Science and engineering affect diverse domains—agriculture, medicine, hous-
ing, transportation, energy production, water availability, and land use, among 
others. The results often entail deep impacts on society and the environment, 
including some that may not have been anticipated when they were introduced or 
that may build up over time to levels that require attention. Decisions about the 
use of any new technology thus involve a balancing of costs, benefits, and risks—
aided, at times, by science and engineering. Mathematical modeling, for example, 
can help provide insight into the consequences of actions beyond the scale of 
place, time, or system complexity that individual human judgments can readily 
encompass, thereby informing both personal and societal decision making.

❚ Human populations and longevity have increased, as advances in 

science and engineering have influenced the ways in which people interact 

with one another and with their surrounding natural environment. ❚
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Not only do science and engineering affect society, but society’s decisions 
(whether made through market forces or political processes) influence the work of 
scientists and engineers. These decisions sometimes establish goals and priorities 
for improving or replacing technologies; at other times they set limits, such as in 
regulating the extraction of raw materials or in setting allowable levels of pollu-
tion from mining, farming, and industry. 

Grade Band Endpoints for ETS2.B

By the end of grade 2. People depend on various technologies in their lives; 
human life would be very different without technology. Every human-made prod-
uct is designed by applying some knowledge of the natural world and is built by 
using materials derived from the natural world, even when the materials are not 
themselves natural—for example, spoons made from refined metals. Thus, devel-

oping and using technology has impacts on the 
natural world. 

By the end of grade 5. Over time, people’s needs 
and wants change, as do their demands for new 
and improved technologies. Engineers improve 
existing technologies or develop new ones to 
increase their benefits (e.g., better artificial limbs), 
to decrease known risks (e.g., seatbelts in cars), 
and to meet societal demands (e.g., cell phones). 
When new technologies become available, they 
can bring about changes in the way people live 
and interact with one another. 

By the end of grade 8. All human activity draws on natural resources and has 
both short- and long-term consequences, positive as well as negative, for the 
health of both people and the natural environment. 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. Technologies that are beneficial for a certain 
purpose may later be seen to have impacts (e.g., health-related, environmental) 
that were not foreseen. In such cases, new regulations on use or new technologies 
(to mitigate the impacts or eliminate them) may be required. 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education214

By the end of grade 12. Modern civilization depends on major technological sys-
tems, including those related to agriculture, health, water, energy, transportation, 
manufacturing, construction, and communications. Engineers continuously modify 
these technological systems by applying scientific knowledge and engineering 
design practices to increase benefits while decreasing costs and risks. Widespread 
adoption of technological innovations often depends on market forces or other 
societal demands, but it may also be subject to evaluation by scientists and engi-
neers and to eventual government regulation. New technologies can have deep 
impacts on society and the environment, including some that were not anticipated 
or that may build up over time to a level that requires attention or mitigation. 
Analysis of costs, environmental impacts, and risks, as well as of expected ben-
efits, is a critical aspect of decisions about technology use.
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This framework is designed to help realize a vision of science education 
in which students’ experiences over multiple years foster progressively 
deeper understanding of science. Students actively engage in scientific 

and engineering practices in order to deepen their understanding of crosscut-
ting concepts and disciplinary core ideas. In the preceding chapters, we detailed 
separately the components of the three dimensions: scientific and engineering 
practices, crosscutting concepts, and disciplinary core ideas. In order to achieve 
the vision embodied in the framework and to best support students’ learning, all 
three dimensions need to be integrated into the system of standards, curriculum, 
instruction, and assessment.

WHAT INTEGRATION INVOLVES

The committee recognizes that integrating the three dimensions in a coherent 
way is challenging and that examples of how it can be achieved are needed. We 
also acknowledge that there is no single approach that defines how to integrate 
the three dimensions into standards, curriculum, instruction, and assessment. 
One can in fact envision many different ways to achieve such integration, with 
the main components of the framework being conveyed with a high degree of 
fidelity, but with different choices as to when to stress a particular practice or 
crosscutting idea. For these reasons, in this chapter we offer only preliminary 
examples of the type of integration we envision, noting that the development of 

INTEGRATING THE THREE DIMENSIONS

9



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education218

standards, curriculum, instruction, and assessment that successfully integrates 
the three dimensions is an area ripe for research and innovation.

Because standards guide and shape curriculum, instruction, and assessment, 
the task of integrating the three dimensions of the framework for K-12 science 
education begins with the development of standards. A major task for developers 
will be to create standards that integrate the three dimensions. The committee sug-
gests that this integration should occur in the standards statements themselves and 
in performance expectations that link to the standards.

Standards and performance expectations that are aligned to the framework 
must take into account that students cannot fully understand scientific and engi-
neering ideas without engaging in the practices of inquiry and the discourses by 
which such ideas are developed and refined [1-3]. At the same time, they cannot 
learn or show competence in practices except in the context of specific content. 
For example, students ask questions or design investigations about particular 
phenomena, such as the growth of plants, the motion of objects, and the phases 
of the moon. Furthermore, crosscutting concepts have value because they provide 
students with connections and intellectual tools that are related across the differ-
ing areas of disciplinary content and can enrich their application of practices and 
their understanding of core ideas. For example, being aware that it is useful to 
analyze diverse things—such as the human body or a watershed—as systems can 
help students generate productive questions for further study. Thus standards and 
performance expectations must be designed to gather evidence of students’ ability 
to apply the practices and their understanding of the crosscutting concepts in the 
contexts of specific applications in multiple disciplinary areas. 

In the committee’s judgment, specification of “performance expectations” is 
an essential component of standards. This term refers to statements that describe 
activities and outcomes that students are expected to achieve in order to demon-
strate their ability to understand and apply the knowledge described in the disci-
plinary core ideas. Following the model of the College Board’s Science Standards 
for College Success, we agree that “performance expectations specify what stu-
dents should know, understand, and be able to do. . . . They also illustrate how 
students engage in science practices to develop a better understanding of the essen-
tial knowledge. These expectations support targeted instruction and assessment by 
providing tasks that are measurable and observable” [4]. 

In this chapter we provide two examples of how the three dimensions might 
be brought together in performance expectations. The first example is based on a 
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component of one of the core ideas in the life sciences (see Table 9-1), the other 
on a component of a core idea in the physical sciences (see Table 9-2). 

The three dimensions will also need to be integrated into curriculum and 
instruction. A detailed discussion of all the ways in which practices, crosscut-
ting concepts, and disciplinary core ideas can be integrated into curriculum and 
instruction is beyond the scope of the framework. However, in addition to the 
examples of performance expectations presented in Tables 9-1 and 9-2, we pro-
vide a single example that shows first steps toward this kind of integration. This 
example, which draws on the first component of the first physical science core 
idea—PS1.A: Structure and Properties of Matter—shows how a disciplinary core 
idea can be developed using particular practices and linked to particular crosscut-
ting concepts for each grade band. It also describes some of the ways in which stu-
dents might be asked to use specific practices to demonstrate their understanding 
of core ideas. Finally, the example incorporates boundary statements that make 
explicit what is not expected of students at a given level. The committee recom-
mends that boundary statements be incorporated into standards so as to provide 
guidance for curriculum developers and designers of instruction. Such boundar-
ies serve two purposes: (1) to delimit what level of detail is appropriate and (2) 
to indicate what knowledge related to a core idea may be too challenging for all 
students to master by the end of the grade band. However, any boundaries intro-
duced here or in the specification of performance expectations will need to be sub-
jected to further research and revisited over time, as more is learned about what 
level of expectation is appropriate in the context of curricula and instruction of 
the type envisaged in this framework.

It is important to note that this example is not intended as a complete 
description of instruction but only as a sketch of some experiences that can 
support learning of the core idea component. It illustrates how the practices 
both help students learn and provide a means by which they can demonstrate 
their understanding. 

TWO ILLUSTRATIONS OF PERFORMANCE EXPECTATIONS

Two examples in this section illustrate how the three dimensions can be integrated 
into performance expectations. Table 9-1 presents the first example, which is 
based on a component—Organization for Matter and Energy Flow in Organisms 
(LS1.C)—of the first core idea in the life sciences. Table 9-2 presents the second 
example, which is based on a component—Structure and Properties of Matter 
(PS1.A)—of the first core idea in the physical sciences. 
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TABLE 9-1 Sample Performance Expectations in the Life Sciences

LS1. C: ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Tasks Classify animals into two groups based 
on what they eat, and give three or 
more different examples of animals in 
each group. 

Explain how animals use food and 
provide examples and evidence that 
support each type of use.

Construct an explanation for why the air 
a human breathes out contains a lower 
proportion of oxygen than the air he or she 
breathed in. The explanation should address 
where in the body the oxygen was used, how it 
was used, and how it was transported there.

Construct a model that describes the aerobic 
chemical processes that enable human cells to obtain 
and transfer energy to meet their needs. 

Criteria Students should identify at least two 
of the three groups of animals (plant 
eaters, those that eat other animals, 
and those that eat both plants and 
other animals). The animals offered as 
examples should be correctly grouped. 

Students should be asked to offer 
evidence that supports the claim that 
these animals belong in the groups 
they have placed them in and asked to 
also consider and include animals from 
classes they have neglected (e.g., birds 
or fish, if they interpret animal to mean 
mammal).

A full explanation should be 
supported by diagrams and argument 
from evidence. It should include and 
support the claims that food provides 
materials for building body tissue and 
that it is the fuel used to produce 
energy for driving life processes. An 
example of building materials should 
include reference to growth and 
repair. Evidence for growth and repair 
should include use of some of food’s 
weight in the process of adding body 
weight or tissue. An example of use 
of energy should include internal 
motion (e.g., heartbeat), external 
motion (self-propulsion, breathing), 
or maintenance of body temperature. 
Evidence for energy use should refer 
to the need for energy transfer in 
performing the activity. 
(At this level, detail is not expected on 
how food is actually used to provide 
energy.)

A full explanation should contain a claim that 
oxygen’s use in all cells of the body is part of 
the chemical reaction that releases energy 
from food. The claim should be supported 
with reasoning about (1) the role of oxygen in 
chemical reactions’ release of energy and (2) 
how the oxygen and food are transported to 
the cells through the body’s respiratory and 
circulatory systems. 

The model should include diagrams and text to 
indicate that various compounds derived from 
food—including sugars and fats—react with oxygen 
and release energy either for the cells’ immediate 
needs or to drive other chemical changes. It should 
include the example of producing adenosine 
triphosphate (ATP) from adenosine diphosphate 
(ADP) and indicate that this process increases stored 
energy. It should show that subsequent conversions 
between ATP and ADP release stored energy, for 
example, to cause contraction of muscles.
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TABLE 9-1 Sample Performance Expectations in the Life Sciences

LS1. C: ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Tasks Classify animals into two groups based 
on what they eat, and give three or 
more different examples of animals in 
each group. 

Explain how animals use food and 
provide examples and evidence that 
support each type of use.

Construct an explanation for why the air 
a human breathes out contains a lower 
proportion of oxygen than the air he or she 
breathed in. The explanation should address 
where in the body the oxygen was used, how it 
was used, and how it was transported there.

Construct a model that describes the aerobic 
chemical processes that enable human cells to obtain 
and transfer energy to meet their needs. 

Criteria Students should identify at least two 
of the three groups of animals (plant 
eaters, those that eat other animals, 
and those that eat both plants and 
other animals). The animals offered as 
examples should be correctly grouped. 

Students should be asked to offer 
evidence that supports the claim that 
these animals belong in the groups 
they have placed them in and asked to 
also consider and include animals from 
classes they have neglected (e.g., birds 
or fish, if they interpret animal to mean 
mammal).

A full explanation should be 
supported by diagrams and argument 
from evidence. It should include and 
support the claims that food provides 
materials for building body tissue and 
that it is the fuel used to produce 
energy for driving life processes. An 
example of building materials should 
include reference to growth and 
repair. Evidence for growth and repair 
should include use of some of food’s 
weight in the process of adding body 
weight or tissue. An example of use 
of energy should include internal 
motion (e.g., heartbeat), external 
motion (self-propulsion, breathing), 
or maintenance of body temperature. 
Evidence for energy use should refer 
to the need for energy transfer in 
performing the activity. 
(At this level, detail is not expected on 
how food is actually used to provide 
energy.)

A full explanation should contain a claim that 
oxygen’s use in all cells of the body is part of 
the chemical reaction that releases energy 
from food. The claim should be supported 
with reasoning about (1) the role of oxygen in 
chemical reactions’ release of energy and (2) 
how the oxygen and food are transported to 
the cells through the body’s respiratory and 
circulatory systems. 

The model should include diagrams and text to 
indicate that various compounds derived from 
food—including sugars and fats—react with oxygen 
and release energy either for the cells’ immediate 
needs or to drive other chemical changes. It should 
include the example of producing adenosine 
triphosphate (ATP) from adenosine diphosphate 
(ADP) and indicate that this process increases stored 
energy. It should show that subsequent conversions 
between ATP and ADP release stored energy, for 
example, to cause contraction of muscles.
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LS1. C: ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Disciplinary 
Ideas

All animals need food in order to live 
and grow. They can get their food from 
plants or from other animals. 

All living organisms require energy. 
Animals and plants alike generally need 
to take in air and water, animals must 
take in food, and plants need light and 
minerals; anaerobic life, such as bacteria 
in the gut, functions without air. Food 
provides animals with the materials 
they need for body repair and growth 
and is digested to release the energy 
they need to maintain body warmth 
and for motion. 

Through the process of photosynthesis, plants, 
algae (including phytoplankton), and many 
microorganisms use the energy from light to 
make sugars (food) from carbon dioxide from 
the atmosphere and water. This process also 
releases oxygen gas. These sugars can be used 
immediately or stored for growth or later 
use. Animals obtain food from eating plants 
or eating other animals. 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. In 
animals and plants oxygen reacts with carbon-
containing molecules (sugars) to provide energy 
and produce waste carbon dioxide; anaerobic 
bacteria achieve their energy needs in other 
chemical processes that do not need oxygen.
 

The process of photosynthesis converts light energy 
to stored chemical energy by converting carbon 
dioxide and water into sugars plus released oxygen. 
The sugar molecules thus formed contain carbon, 
hydrogen, and oxygen, and they are used to make 
amino acids and other carbon-based molecules 
that can be assembled into the larger molecules 
(such as proteins or DNA) needed to form new 
cells. As matter and energy flow through different 
organizational levels of living systems, chemical 
elements are recombined in different ways to form 
different products. As a result of these chemical 
reactions, energy is transferred from one system 
of interacting molecules to another. For example, 
aerobic 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. 
Anaerobic cellular respiration follows a different 
and less efficient chemical pathway to provide 
energy in cells. Cellular respiration also releases 
the energy needed to maintain body temperature 
despite ongoing energy loss to the surrounding 
environment. Matter and energy are conserved in 
each change. This is true of all biological systems, 
from individuals to ecosystems. 

Practices Presenting information (e.g., orally, 
visually by sorting pictures of animals 
into groups, or by writing labels or 
simple sentences that describe why 
animals are in different groups). 
Argument from evidence: supporting 
placement of animals in group.

Argumentation: Supporting claims with 
evidence. 

Constructing explanations.
Argument 
(supporting proposed explanation with 
arguments from evidence).

Modeling
Presenting information 
(using labeled diagrams and text to present and 
explicate a model that describes and elucidates the 
process in question). 

Crosscutting 
Concepts

Patterns: Grouping of animals by 
similarity of what they eat.

Patterns, similarity, and diversity: Living 
organisms have similar needs but 
diverse ways of obtaining food.
Matter conservation.

Cause and effect: Oxygen is needed for the 
chemical reaction that releases energy from 
food.
Matter cycles and conservation; energy flows 
and conservation.
Systems: Roles of respiratory and circulatory 
systems.

Systems: Organisms have systems for processes at the 
cellular level that are used to carry out the functions 
needed for life. 
Matter cycles and conservation; energy flows and 
conservation.

TABLE 9-1 Continued
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LS1. C: ORGANIZATION FOR MATTER AND ENERGY FLOW IN ORGANISMS

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Disciplinary 
Ideas

All animals need food in order to live 
and grow. They can get their food from 
plants or from other animals. 

All living organisms require energy. 
Animals and plants alike generally need 
to take in air and water, animals must 
take in food, and plants need light and 
minerals; anaerobic life, such as bacteria 
in the gut, functions without air. Food 
provides animals with the materials 
they need for body repair and growth 
and is digested to release the energy 
they need to maintain body warmth 
and for motion. 

Through the process of photosynthesis, plants, 
algae (including phytoplankton), and many 
microorganisms use the energy from light to 
make sugars (food) from carbon dioxide from 
the atmosphere and water. This process also 
releases oxygen gas. These sugars can be used 
immediately or stored for growth or later 
use. Animals obtain food from eating plants 
or eating other animals. 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. In 
animals and plants oxygen reacts with carbon-
containing molecules (sugars) to provide energy 
and produce waste carbon dioxide; anaerobic 
bacteria achieve their energy needs in other 
chemical processes that do not need oxygen.
 

The process of photosynthesis converts light energy 
to stored chemical energy by converting carbon 
dioxide and water into sugars plus released oxygen. 
The sugar molecules thus formed contain carbon, 
hydrogen, and oxygen, and they are used to make 
amino acids and other carbon-based molecules 
that can be assembled into the larger molecules 
(such as proteins or DNA) needed to form new 
cells. As matter and energy flow through different 
organizational levels of living systems, chemical 
elements are recombined in different ways to form 
different products. As a result of these chemical 
reactions, energy is transferred from one system 
of interacting molecules to another. For example, 
aerobic 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. 
Anaerobic cellular respiration follows a different 
and less efficient chemical pathway to provide 
energy in cells. Cellular respiration also releases 
the energy needed to maintain body temperature 
despite ongoing energy loss to the surrounding 
environment. Matter and energy are conserved in 
each change. This is true of all biological systems, 
from individuals to ecosystems. 

Practices Presenting information (e.g., orally, 
visually by sorting pictures of animals 
into groups, or by writing labels or 
simple sentences that describe why 
animals are in different groups). 
Argument from evidence: supporting 
placement of animals in group.

Argumentation: Supporting claims with 
evidence. 

Constructing explanations.
Argument 
(supporting proposed explanation with 
arguments from evidence).

Modeling
Presenting information 
(using labeled diagrams and text to present and 
explicate a model that describes and elucidates the 
process in question). 

Crosscutting 
Concepts

Patterns: Grouping of animals by 
similarity of what they eat.

Patterns, similarity, and diversity: Living 
organisms have similar needs but 
diverse ways of obtaining food.
Matter conservation.

Cause and effect: Oxygen is needed for the 
chemical reaction that releases energy from 
food.
Matter cycles and conservation; energy flows 
and conservation.
Systems: Roles of respiratory and circulatory 
systems.

Systems: Organisms have systems for processes at the 
cellular level that are used to carry out the functions 
needed for life. 
Matter cycles and conservation; energy flows and 
conservation.

TABLE 9-1 Continued
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TABLE 9-2 Sample Performance Expectations in the Physical Sciences

PS1.A: STRUCTURE AND PROPERTIES OF MATTER

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Tasks Students support claims as to whether 
something is a solid or a liquid by 
providing descriptive evidence. 

Note: It is inappropriate at this grade 
level to use a material, such as sand, 
that is made of visible scale particles 
but flows as the test material for this 
question. Test examples should be 
readily classifiable.

Students provide strategies for 
collecting evidence as to whether 
matter still exists when it is not visible. 

Students create atomic and molecular models 
to explain the differences between the solid, 
liquid, and gaseous states of a substance.

Students first develop models that describe a 
neutral atom and a negative or positive ion. They 
then use these models to describe the similarities 
and differences between the atoms of neighboring 
elements in the periodic table (side by side or one 
above the other). 

Criteria Descriptive evidence that a material 
is a solid would include the object’s 
definite shape; for a liquid it would be 
that the material takes the shape of the 
container or that the material flows to 
the lowest part of the container.

Design includes ways to measure 
weight with and without an invisible 
material (gas or solute) present. For 
example, weighing the same container 
with different amounts of air, such as 
an inflated and deflated balloon or 
basketball; or weighing pure water 
and sugar before and after the sugar 
is dissolved in the water. (At this level, 
detail is not expected on how food is 
actually used to provide energy.)

The model should show that atoms/molecules in 
a solid (1) are close together, (2) are limited in 
motion but vibrate in place, and (3) cannot move 
past or around each other and thus are fixed in 
relative position. The model should also show 
that atoms/molecules in a liquid (1) are about 
as close together as in a solid, (2) are always 
disordered, (3) have greater freedom to move 
than in a solid, and (4) can slide past one another 
and move with a range of speeds. Finally, the 
model should show that atoms/molecules in a 
gas (1) are much farther away from each other 
than in solid or liquid form, (2) are always 
disordered, (3) move freely with a range of 
speeds, and (4) sometimes collide with each 
other or the container’s walls and bounce off.

The models should show that the atom consists of 
an inner core called the nucleus, which consists of 
protons and neutrons; that the number of protons 
in the nucleus is the atomic number and determines 
the element; that the nucleus is much smaller in 
size than the atom; that the outer part of the atom 
contains electrons; that in a neutral atom, the 
number of electrons matches the number of protons 
(because protons and electrons have an opposite 
electric charge); and that ions have an additional or 
a “missing” electron. 

Different isotopes of a given element have different 
numbers of neutrons, but in all stable cases the 
number of neutrons is not very different from the 
number of protons.
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TABLE 9-2 Sample Performance Expectations in the Physical Sciences

PS1.A: STRUCTURE AND PROPERTIES OF MATTER

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Tasks Students support claims as to whether 
something is a solid or a liquid by 
providing descriptive evidence. 

Note: It is inappropriate at this grade 
level to use a material, such as sand, 
that is made of visible scale particles 
but flows as the test material for this 
question. Test examples should be 
readily classifiable.

Students provide strategies for 
collecting evidence as to whether 
matter still exists when it is not visible. 

Students create atomic and molecular models 
to explain the differences between the solid, 
liquid, and gaseous states of a substance.

Students first develop models that describe a 
neutral atom and a negative or positive ion. They 
then use these models to describe the similarities 
and differences between the atoms of neighboring 
elements in the periodic table (side by side or one 
above the other). 

Criteria Descriptive evidence that a material 
is a solid would include the object’s 
definite shape; for a liquid it would be 
that the material takes the shape of the 
container or that the material flows to 
the lowest part of the container.

Design includes ways to measure 
weight with and without an invisible 
material (gas or solute) present. For 
example, weighing the same container 
with different amounts of air, such as 
an inflated and deflated balloon or 
basketball; or weighing pure water 
and sugar before and after the sugar 
is dissolved in the water. (At this level, 
detail is not expected on how food is 
actually used to provide energy.)

The model should show that atoms/molecules in 
a solid (1) are close together, (2) are limited in 
motion but vibrate in place, and (3) cannot move 
past or around each other and thus are fixed in 
relative position. The model should also show 
that atoms/molecules in a liquid (1) are about 
as close together as in a solid, (2) are always 
disordered, (3) have greater freedom to move 
than in a solid, and (4) can slide past one another 
and move with a range of speeds. Finally, the 
model should show that atoms/molecules in a 
gas (1) are much farther away from each other 
than in solid or liquid form, (2) are always 
disordered, (3) move freely with a range of 
speeds, and (4) sometimes collide with each 
other or the container’s walls and bounce off.

The models should show that the atom consists of 
an inner core called the nucleus, which consists of 
protons and neutrons; that the number of protons 
in the nucleus is the atomic number and determines 
the element; that the nucleus is much smaller in 
size than the atom; that the outer part of the atom 
contains electrons; that in a neutral atom, the 
number of electrons matches the number of protons 
(because protons and electrons have an opposite 
electric charge); and that ions have an additional or 
a “missing” electron. 

Different isotopes of a given element have different 
numbers of neutrons, but in all stable cases the 
number of neutrons is not very different from the 
number of protons.
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PS1.A: STRUCTURE AND PROPERTIES OF MATTER

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Criteria 
continued

The electrons occupy a set of “layered” states, with a 
given number allowed in each of the first few layers. 
(Details of orbitals and reasons behind the counting 
of states are not expected.) The “outermost” 
position of the electrons corresponds to the least 
strongly bound electrons. The filling level of the 
outermost layer can be used to explain chemical 
properties and the types of ions most readily formed.

Atoms side by side in the periodic table are close 
to each other in mass and differ by one in their 
numbers of protons. They have different chemical 
properties.

Atoms above or below the other in the periodic 
table have similar chemical properties but differ 
significantly in mass and atomic number.

Disciplinary 
Ideas

Different kinds of matter exist (e.g., 
wood, metal, water). Solids and liquids 
have different properties, which can 
be used to sort them. Some substances 
can be either solid or liquid, depending 
on the temperature. Substances can be 
observed, weighed, and measured in 
other ways. 

Matter of any type can be subdivided 
into particles (tiny pieces) that are 
too small to see, but even then the 
matter still exists and can be detected 
by other means (such as through its 
effects on other objects). Gases are 
matter in which the gas particles are 
moving freely around in space and 
can be detected by their impacts 
on surfaces (e.g., of a balloon) or 
on larger and visible objects (wind 
blowing leaves, dust suspended in 
air). The amount (weight) of matter 
is conserved when it changes form, 
even in transitions in which it seems to 
vanish (e.g., sugar in solution). 

Gases and liquids are made of molecules or inert 
atoms that are moving about relative to each 
other. 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. Solids may be formed from molecules 
or may be extended structures with repeating 
subunits (e.g., crystals, metals). The changes of 
state that occur with changes of temperature 
or pressure can be described and predicted 
using these three models (solid, liquid, or gas) 
of matter. (Predictions here are qualitative, not 
quantitative.) 

Each atom has a charged substructure consisting 
of a nucleus (made from protons and neutrons) 
surrounded by electrons. The periodic table orders 
elements 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.

TABLE 9-2 Continued
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PS1.A: STRUCTURE AND PROPERTIES OF MATTER

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Criteria 
continued

The electrons occupy a set of “layered” states, with a 
given number allowed in each of the first few layers. 
(Details of orbitals and reasons behind the counting 
of states are not expected.) The “outermost” 
position of the electrons corresponds to the least 
strongly bound electrons. The filling level of the 
outermost layer can be used to explain chemical 
properties and the types of ions most readily formed.

Atoms side by side in the periodic table are close 
to each other in mass and differ by one in their 
numbers of protons. They have different chemical 
properties.

Atoms above or below the other in the periodic 
table have similar chemical properties but differ 
significantly in mass and atomic number.

Disciplinary 
Ideas

Different kinds of matter exist (e.g., 
wood, metal, water). Solids and liquids 
have different properties, which can 
be used to sort them. Some substances 
can be either solid or liquid, depending 
on the temperature. Substances can be 
observed, weighed, and measured in 
other ways. 

Matter of any type can be subdivided 
into particles (tiny pieces) that are 
too small to see, but even then the 
matter still exists and can be detected 
by other means (such as through its 
effects on other objects). Gases are 
matter in which the gas particles are 
moving freely around in space and 
can be detected by their impacts 
on surfaces (e.g., of a balloon) or 
on larger and visible objects (wind 
blowing leaves, dust suspended in 
air). The amount (weight) of matter 
is conserved when it changes form, 
even in transitions in which it seems to 
vanish (e.g., sugar in solution). 

Gases and liquids are made of molecules or inert 
atoms that are moving about relative to each 
other. 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. Solids may be formed from molecules 
or may be extended structures with repeating 
subunits (e.g., crystals, metals). The changes of 
state that occur with changes of temperature 
or pressure can be described and predicted 
using these three models (solid, liquid, or gas) 
of matter. (Predictions here are qualitative, not 
quantitative.) 

Each atom has a charged substructure consisting 
of a nucleus (made from protons and neutrons) 
surrounded by electrons. The periodic table orders 
elements 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.

TABLE 9-2 Continued
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The performance expectations shown in these tables describe what students 
are expected to know and how they should be able to use these two scientific 
ideas. In each table, the first two rows describe the tasks that students are expect-
ed to perform and the criteria by which their performance will be evaluated. The 
last three rows in the tables show the disciplinary ideas, practices, and crosscut-
ting concepts that are to be brought together in performing the tasks. Examples 
are shown for four grade levels (2, 5, 8, and 12) to illustrate how the performance 
expectations should increase in sophistication during 12+ years of instruction. 
Across such a span, with appropriate learning experiences, students’ conceptual 
knowledge increases in depth and sophistication, as does the nature of the prac-
tices. Thus performance expectations at the higher grades should reflect deeper 
understanding, more highly developed practices, and more complex reasoning. 

Note that what we describe in Tables 9-1 and 9-2 is just an initial illustra-
tion of the performance expectations for each grade band. When standards are 
developed that are based on the framework, they will need to include performance 
expectations that cover all of the disciplinary core ideas, integrate practices, and 
link to crosscutting concepts when appropriate. For any given aspect of content 
knowledge, multiple practices and crosscutting concepts could be matched to that 
content to yield additional appropriate performance expectations. Assessments 

PS1.A: STRUCTURE AND PROPERTIES OF MATTER

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Practices Argumentation (e.g., using criteria for 
solids and liquids to make the case that 
a substance is one or the other).

Designing investigations. Modeling 
Developing evidence-based explanations.

Modeling

Crosscutting 
Concepts

Patterns (a great diversity of solid 
and liquid materials exist, but certain 
features are similar for all solids and all 
liquids).

Matter cycles and conservation. Cause and effect: Changing the temperature 
causes changes in the motion of particles of 
matter.

Systems and system models: Students model 
substances as systems composed of particles.

Structure and function: Atoms have structures that 
determine the chemical behavior of the element and 
the properties of substances. 

Patterns, similarity, and diversity: The periodic table 
can be used to see the patterns of chemical behavior 
based on patterns of atomic structure.

TABLE 9-2 Continued
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PS1.A: STRUCTURE AND PROPERTIES OF MATTER

By the End of Grade 2 By the End of Grade 5 By the End of Grade 8 By the End of Grade 12

Practices Argumentation (e.g., using criteria for 
solids and liquids to make the case that 
a substance is one or the other).

Designing investigations. Modeling 
Developing evidence-based explanations.

Modeling

Crosscutting 
Concepts

Patterns (a great diversity of solid 
and liquid materials exist, but certain 
features are similar for all solids and all 
liquids).

Matter cycles and conservation. Cause and effect: Changing the temperature 
causes changes in the motion of particles of 
matter.

Systems and system models: Students model 
substances as systems composed of particles.

Structure and function: Atoms have structures that 
determine the chemical behavior of the element and 
the properties of substances. 

Patterns, similarity, and diversity: The periodic table 
can be used to see the patterns of chemical behavior 
based on patterns of atomic structure.

TABLE 9-2 Continued

should thus use a broad set 
of performance expectations 
across the multiple items. In 
addition, the criteria used to 
judge the quality of a given 
performance outcome need 
to specify the features of 
the practice (e.g., a descrip-
tion, model, evidence-based 
explanation) that are rele-
vant for the specific content 
and grade band. 

As discussed in 
Chapter 4, the expectations 
regarding how the practices develop over the grade bands reflect an increasing 
competence in the use of information and the assembly of models, descriptions, 
explanations, and arguments. For some further examples of performance expecta-
tions that link content and practice similarly and that are appropriate for formu-
lating both classroom-based and large-scale assessments of whether students have 
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mastered particular standards, we refer the reader to the College Board’s Science 
Standards for College Success. That volume provides numerous examples in the 
life sciences, physical sciences, and earth sciences [4].

ONE ILLUSTRATION OF INTEGRATING THE DIMENSIONS INTO CURRICULUM AND 
INSTRUCTION

This section describes through example how the three dimensions might be 
brought together in designing curriculum and instruction. The particular example 
involves the development of the Structure and Properties of Matter (PS1.A)—a 
component of the physical sciences core idea Matter and Its Interactions—through 
the integration of practices and crosscutting concepts (see Box S-1). The example 
illustrates, however, only one of many paths that integrate the practices and cross-
cutting concepts in developing this component idea, and thus it is not intended to 
be prescriptive. Rather, the committee emphasizes that there are many different 
ways to explore the disciplinary core ideas through the practices and crosscutting 
concepts but that such exploration is critical to aid student’s development and 
support the deep conceptual change needed to move their understanding of the 
world closer to that of well-established scientific understandings.

The central question of PS1.A is “How do particles combine to form the 
variety of matter one observes?” In the design of curriculum and instruction 
regarding answers to this question, four of the crosscutting concepts (flagged 
in italics below) play important roles. First, across all grade levels, the relation-
ship of structure and function is a key concept in studying how the structure of 
matter relates to the properties of matter. Second, the concept of patterns can 
be explored from the earliest grades as students investigate the various types of 
matter, discover their commonalities, and devise ways of characterizing their 
properties. Third, starting in grades 3-5 and continuing through grade 12, stu-
dents work with the concept of systems and system models as they cultivate 
their understanding of the particle model of matter; students progress from the 
macroscopic idea of particles to imagine and model the effects of invisibly small 
particles (in grades 3-5) to the atomic scale (in grades 7-8) and finally to the 
subatomic scales (in grades 9-12). Fourth, as students encounter the notion that 
matter is conserved, critical to their understanding is the crosscutting concept of 
energy and matter: flows, cycles, and conservation. 

The narrative for each grade band begins with a statement of the grade 
band endpoint (“By the end of . . .”), and the succeeding text elaborates on the 
grade band progression of learning that builds toward that endpoint; discussion 
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shows how the progression involves both crosscutting concepts that students 
come to appreciate and practices in which they might engage as they develop and 
demonstrate their understanding. The discussion is followed by a boundary state-
ment, which specifies things that do not need to be included in the grade band. 
Standards developers also should include such boundaries so as to delimit how far 
students, of whatever grade, are expected to progress. 

Grades K-2: Endpoint and Progression

By the end of grade 2. Different kinds of matter exist (e.g., wood, metal, 
water), and many of them can be either solid or liquid, depending on tem-
perature. Matter can be described and classified by its observable properties 
(e.g., visual, aural, textural), by its uses, and by whether it occurs naturally or 
is manufactured. Different properties are suited to different purposes. A great 
variety of objects can be built up from a small set of pieces. Objects or samples 
of a substance can be weighed and their size can be described and measured. 
(Boundary: Volume is introduced only for liquid measure.)

Students’ investigations of matter begin with guided experiences, designed 
by the teacher, that introduce them to various kinds of matter (e.g., wood, metal, 
water, clay) in multiple contexts and engage them in discussion about the mat-
ter’s observable characteristics and uses. These experiences begin to elicit students’ 
questions about matter, which they answer by conducting their own investigations 
and by making observations; the path of the investigation is jointly designed by 
teacher and students. Observations here include not only how things look but also 
how they feel, how they sound when tapped, how they smell, and, in carefully 
structured situations such as a cooking project, how they taste (although students 
should be warned not to taste unknown substances). 

In the course of these experiences the teacher engages and guides students 
in identifying multiple ways of characterizing matter—such as solid and liquid, 
natural and manufactured, hard and soft, edible or inedible—and that different 
types of materials are suited to different uses. Across grades K-2, the variety of 
properties of matter that students recognize and the specificity with which they 
can characterize materials and their uses develop through experiences with dif-
ferent kinds of matter.

The ability to make measurements of quantities, such as length, liquid vol-
ume, weight, and temperature, begins in kindergarten with qualitative observa-
tions of relative magnitude. An understanding both of the arbitrariness and the 
importance of measurement units is supported by allowing students to develop 
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their own units for length before introducing them to standard units. After stu-
dents observe and measure a variety of solids and liquids, classroom discussions 
help them focus on identifying and characterizing the materials that objects are 
made from and the reasons why particular materials are chosen for particular 
tasks. Students are then asked to present evidence to support their claims about 
different kinds of matter and their uses. Across the grade span, students prog-
ress in their ability to make and justify claims about different kinds of matter, to 
describe and quantify those claims, and to do so both with specificity and knowl-
edge of the various properties of matter. 

Starting in kindergarten (or before), students manipulate a variety of build-
ing toys, such as wooden blocks, interlocking objects, or other construction sets, 
leading them to recognize that although what one can build depends on the things 
one is building from, many different objects can be constructed with multiple 
copies of a small set of different components. Although such recognition occurs 
implicitly, it is supported at the higher end of the grade band by explicit discus-
sion of this aspect of material objects. Students come to understand more deeply 
that most objects can be broken down into various component pieces and that any 
“chunk” of uniform matter (e.g., a sheet of paper, a block of wood, a wedge of 
cheese) can be subdivided into smaller pieces of the same material.

Students’ building efforts progress from free play to solving design prob-
lems, and teachers facilitate this progression by asking appropriate questions 
about the objects that students build, by having them draw diagrams of what 
they have built, and by directing their attention to built objects outside the 
classroom (so as to discuss what these objects are built from or features of their 
design). By grade 2, a student should be able to follow a plan, preplan designs 
for simple projects, and recognize the common design elements of certain types 
of objects and the properties required—why axles are needed for wheels, for 
example, or why metal would be used for a frying pan and why rubber or plas-
tic would be suitable for rain boots.

The awareness that some materials (not just water but also chocolate, wax, 
and ice cream, for example) can be either liquid or solid depending on the tempera-
ture and that there is a characteristic temperature for each material at which this 
transition occurs is another important concept about matter that should be devel-
oped in this grade band through teacher-guided student experiences and investiga-
tions. The transition from liquid to gas is not stressed in this grade band, however, 
because the concept of gases other than air, or even the fact that air is matter, cannot 
readily be developed on the basis of students’ observations and experiences. 
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Boundary Statements. In this grade band, crosscutting concepts are referred to 
when they support development of the idea under study, but they are not stressed 
as separate ideas. For example, students may be asked to recognize patterns in the 
use of particular materials, but the idea that patterns are an important phenome-
non to investigate is not stressed. Similarly, classroom discussion may focus on the 
components of a machine (e.g., a bicycle, a toaster) and on the roles they play, but 
the idea of a system is not stressed. The ideas of parts too small to see, gases other 
than air, evaporation, and condensation are not stressed either, and the conserva-
tion of matter when burning or evaporating is not introduced. Mass and weight 
are not distinguished when examining matter quantity, and volume is introduced 
only for liquids. 

Grades 3-5: Endpoint and Progression

By the end of grade 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 (e.g., by weighing, by its effects on other objects). 
For example, a model that gases are made from matter particles too small 
to see that are moving freely around in space can explain such observations 
as the impacts of gas particles on surfaces (e.g., of a balloon) and on larger 
particles or objects (e.g., wind, dust suspended in air) and the appearance of 
visible scale water droplets in condensation, fog, and, by extension, clouds or 
contrails of a jet. The amount (weight) of matter is conserved when it changes 
form, even in transitions in which it seems to vanish (e.g., sugar in solution, 
evaporation in a closed container). Measurements of a variety of proper-
ties (e.g., hardness, reflectivity) can be used to identify particular 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.)

Exploration of matter continues in this grade band with greater emphasis 
on detailed measurement of objects and materials, and the idea that matter is 
conserved even in transitions when it changes form or seems to disappear (as in 
dissolving) begins to be developed. A critical step is to recognize from experience 
that weight is an additive property of matter—namely, that the weight of a set of 
objects is the sum of the weights of the component objects. Once students under-
stand that weight is a measure of how much matter is present, their observations 
in that regard—such as the total weight of the water and sugar being the same 
before and after dissolving, or the weight of the water formed by melting ice being 
equal to the weight of the ice that melted—can be used to convey the idea that 
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matter is conserved across transitions. (The distinction between mass and weight 
is not introduced at this grade band.) 

Two important ideas—that gas is a form of matter and that it is modeled 
as a collection of particles (i.e., pieces of matter too small to see) moving around 
in space—are developed by the end of grade 5, with careful support from guided 
investigations and the use of simulations. Multiple learning experiences are needed 
for students to shift their concept of matter to include the gaseous state, and such 
experiences must accordingly be structured over time. 

First, the idea that matter can be subdivided into ever-smaller pieces without 
changing the total amount of matter (regardless of how small the pieces are) is 
developed by carrying out a dividing and weighing activity with one or more sub-
stances. The students should engage in discussions of what would happen if one 
were to keep subdividing until the pieces were too small to see. 

Next, the idea that matter is made of particles too small to see can be 
extended to encompass gases as a form of matter. Air is the first familiar-yet-

invisible material that students can 
learn to identify as a gas made of 
particles. This recognition is sup-
ported by the use of an appropri-
ately designed simulation of par-
ticles moving around in a container, 
as well as by observations aimed 
at emphasizing the properties of 
air as a material (e.g., one can feel 
it, it affects other things, a balloon 
blown up weighs more than an 
empty balloon). Students should be 
helped to relate the observed prop-
erties of air to the characteristics 

of the simulation (e.g., the impacts of particles on surfaces) and also to their own 
experiences with visible particles, such as the movement of dust particles in air or 
the impacts of blowing sand on the skin. 

Also by the end of grade 5, students’ understanding of gases needs to 
progress a step beyond recognizing air as samples of materials. It should include 
recognition that the water remains the same kind of matter during evaporation 
and condensation, just as it does during melting and freezing. The fact that the 
amount of material remains the same as water is frozen and then melted again can 
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be observed by weighing, and such continuity can be reaffirmed by freezing and 
melting a variety of other materials (e.g., various juices). Similarly, the amount of 
material remains the same as water is put through sequences of evaporation and 
condensation in a closed system (such as a plastic container with a lid)—a fact 
that can be confirmed with observation and measurement. The stress here is on 
qualitative comparative observations, not on precision measurements.

The additivity of volumes is a subtler concept than the addition of weights, 
and it must be developed with care so as not to introduce misconceptions. For like 
materials (e.g., water plus water, sand plus sand), volume is additive, but students 
should also be engaged in experiences in which volumes (as measured by a gradu-
ated container) do not combine additively, as when sand is added to a container of 
marbles, or rocks and pebbles are mixed together. With such examples, students 
can shift their perception of continuous matter to one that allows for a particle-
based substructure. 

In this grade band, however, definition of the particles involved is not 
stressed; rather, the objective is for students to begin developing and using mod-
els to explain observations. For example, they can build a model to explain why, 
when a volume of water is added to a volume of rubbing alcohol, the volume of 
the combined sample is less than the sum of the volumes of the starting samples. 
(Note that this experience requires careful measurement with appropriate mea-
suring equipment—an ability that also is developed across this grade band.) The 
evolution of students’ mental models of matter is facilitated by relating this experi-
ence to similar situations with macroscopic objects, such as the mixture of sand 
and marbles described above, and to simulations that provide an explicit visible 
model of the situation. In any case, this example is just one of the many ways in 
which students can begin to see that observed properties of matter are explainable 
in terms of a particle model. 

Students’ understanding of the categories of matter, properties of matter, 
and uses of matter is refined and expanded across this grade band. Categories of 
matter, such as metals and crystals, and the names of particular materials, such as 
iron or silicon, may be introduced in conjunction with experiences or investiga-
tions that help students identify the characteristics that distinguish one material 
from others, thereby allowing it to be categorized. However, no stress is placed on 
chemical formulas or symbols for substances. Based on studies of various kinds 
of matter and their properties (such as heat conduction, elasticity, or reflectivity), 
students can present evidence that measurements of a variety of properties are 
useful in identifying particular materials. Similarly, based on measurements that 
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identify solid to liquid and liquid to gas transition temperatures for more than one 
substance, students generalize their understanding that substances change state at 
specific temperatures. Students also are encouraged to apply their understanding 
of matter in selecting materials for design purposes.

Throughout this grade band, all of the scientific and engineering practices 
begin to be developed explicitly, and the crosscutting concepts (flagged in ital-
ics below) are used to begin making linkages across disciplinary core ideas—for 
example, to connect students’ understanding of matter conservation (e.g., in 
evaporation and condensation, as described above) to their understanding of the 
water cycle in earth science. Students also note patterns in their observations, rec-
ognizing that any pattern can be a clue that needs further investigation and expla-
nation. By the end of grade 5, students should have developed both the ability and 
the habit of creating models, giving model-based explanations, and relating their 
models to evidence and inferences drawn from observations. Furthermore, build-
ing on their more general models of the substructure of matter, they recognize that 
it is useful to develop an explicit system model to understand any given system. 

Boundary Statements. In this grade band, particles are introduced as pieces of 
matter too small to see, but their nature is not further specified; atoms and the 
distinction between atoms and molecules are not introduced. If particular pure 
substances, such as oxygen or iron, are named, the chemical formulas are not 
introduced; students’ learning is confined to the familiar names of these sub-
stances, their important properties, and their roles in everyday experience. Mass 
and weight are not distinguished, and although solid volume can be introduced, 
students are not expected to be able to calculate volume, except for that of a rect-
angular solid. Evaporation and condensation are introduced as observable phe-
nomena, but the processes by which they take place are not treated at this grade 
level. Nor is the calculation of density from measured weight and volume stressed, 
although a qualitative sense of density as a property of matter and of relative den-
sities of different materials can be developed. 

GRADES 6-8: ENDPOINT AND PROGRESSION

By the end of grade 8. All substances are made from some 100 different 
types of atoms, which combine with one another in various ways. Atoms form 
molecules that range in size from two to thousands of atoms. Pure substances 
are made from a single type of atom or molecule; each pure substance has 
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characteristic physical and chemical properties (for any bulk quantity under 
given conditions) that can be used to identify it.

Gases and liquids are made of molecules or inert atoms that are moving about 
relative to each other. 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. Solids may be formed from molecules, or they may 
be extended structures with repeating subunits (e.g., crystals). The changes of 
state that occur with variations in temperature or pressure can be described 
and predicted using these models of matter. (Boundary: Predictions here are 
qualitative, not quantitative.)

In this grade band, investigations are designed to enhance students’ ability 
to create explicit models and to use them for developing explanations of observa-
tions, for building their conceptions of matter, and for analyzing new situations. 
In particular, students develop and apply their understanding of the particle model 
of matter. In grade 6 the particles are still not defined, but representations of the 
states of matter (solid, liquid, and gas) include the concept that, although the par-
ticles are in motion in all three states, the spacing and degree of relative motion 
differ substantially between them. The role of forces between particles also begins 
to be discussed in grade 6—topics include the recognition that particles in a solid 
are held together by the forces of mutual attraction and repulsion (which act like 
springs) and that there are forces between particles in a gas that cause them to 
change their paths when they collide. The core idea of energy developed across 
this grade band must similarly be applied in the context of models of matter—for 
example, to understand the temperature dependence of states of matter—and to 
develop consistent descriptions of such phenomena as convection and conduction, 
that is, heat transfer with and without fluid motion, respectively. 

Across grades 6-8, investigations of matter continue to become more pre-
cise, and students’ understanding of the particle model of matter continues to be 
refined through comparisons with empirical observations and suggested models 
that explain them. By grade 8, students should be able to distinguish between 
an atom and a molecule and the roles they play in the various states of matter. 
Students’ own investigations and their experiences in examining data from exter-
nal sources should be structured to help them examine their own understanding of 
the particle model and help them move toward a better understanding. Students 
continue to draw on and cultivate their skills in mathematics and language, in 
recognition of the need for precision in both the measurement and interpretation 
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of data; precision is critical to supporting evidence-derived explanations of the 
behavior of matter. Students should be expected to apply their understanding of 
matter in the context of earth and life sciences, recognizing that matter conserva-

tion, energy conservation, and 
matter flows are critical concepts 
for understanding many large-
scale phenomena.

Using evidence collected and 
analyzed from their own inves-
tigations, evidence from outside 
sources (e.g., atomic images), and 
the results of simulations, students 
confirm a model that matter con-
sists of atoms in motion—with 
forces between the atoms—and 
that the motion of the particles is 
temperature dependent. Students 
can connect this particle model 
of matter to observations and 
present arguments based on it to 

defend the following claims: All substances are made from approximately 100 dif-
ferent types of atoms, which combine with one another in various ways; atoms 
form molecules that range in size from two to thousands of atoms; gases and 
liquids are made of molecules or inert atoms, which are moving about relative to 
each other; and in a solid, atoms may vibrate in position but do not change rela-
tive locations.

Students can select different materials as examples to support the claim that 
solids may be formed from molecules or may be extended structures with repeat-
ing subunits (e.g., crystals, metals). Recognizing that pure substances are made 
from a single type of atom or molecule, students present evidence to support the 
claim that each pure substance has characteristic physical and chemical properties 
that can be used to identify it.

Boundary Statement. In this grade band, the forces and structures within atoms 
and their role in the forces between atoms are not introduced—nor are the peri-
odic table and the variety of types of chemical bonds.
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Grades 9-12: Endpoint and Progression

By the end of grade 12. 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 col-
umns. The repeating patterns of this table reflect patterns of outer electron 
states. The structure and interactions of matter at the bulk scale are deter-
mined by electrical forces within and between atoms. Stable forms of matter 
are those in which the electric and magnetic field energy is minimized. A sta-
ble molecule has less energy, by an amount known as the binding energy, than 
the same set of atoms separated; one must provide at least this energy in order 
to take the molecule apart.

At this grade band, the structures within atoms and their relationships to 
the forces between atoms are introduced. Students’ understanding of the par-
ticle model of matter is developed and refined through investigations and analy-
sis of data, both their own and those from experiments that cannot be under-
taken in the science classroom. Increased sophistication, both of their model-
based explanations and the argumentation by which evidence and explanation 
are linked, is developed through mathematical and language skills appropriate 
to the grade level.

Students’ conceptual models of matter are extended, based on evidence 
from their own and others’ investigations, to include the following: atoms have a 
charged substructure of a nucleus (made from protons and neutrons) surrounded 
by electrons; the periodic table orders elements by the number of protons and 
places those with similar chemical properties in the same columns; and the repeat-
ing patterns of this table reflect patterns of outer electron states. Students can cite 
evidence that supports this model and relate it to the properties of matter, particu-
larly to the variety of elements, isotopes, and chemical properties. 

Students use their understanding of electrical interactions to support claims 
that the structure and interactions of matter at the bulk scale (link to PS2.A) are 
determined by electrical forces within and between atoms. Students also use their 
understanding of stability within systems (link to PS2.B) and the relationship 
between forces and energy (link to PS3.C) to support claims that stable forms of 
matter are those that minimize the energy in electric and magnetic fields within the 
system. Students can then argue that this model is consistent with the propositions 
that a stable molecule has less energy (by an amount known as the binding energy, 
which is the sum of all bond energies) than the same set of atoms separated and 
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at rest, that one must provide at least this energy to break the molecule apart, and 
that it likewise takes energy to break apart stable solid matter.

Boundary Statement. The following topics are not required: the structures within 
protons and neutrons, the existence of quarks, and the relationship between (a) 
the strong forces between quarks and (b) the “strong nuclear” force between pro-
tons and neutrons. 
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In this chapter, we consider the changes needed across the K-12 science educa-
tion system so that implementation of the framework and related standards 
can more readily occur. Standards provide a vision for teaching and learning, 

but the vision cannot be realized unless the standards permeate the education sys-
tem and guide curriculum, instruction, teacher preparation and professional devel-
opment, and student assessment. 

By “system” we mean the institutions and mechanisms that shape and sup-
port science teaching and learning in the classroom. Thus the system includes 
organization and administration at state, district, and school levels as well as 
teacher education, certification requirements, curriculum and instructional 
resources, assessment policies and practices, and professional development pro-
grams. Our use of the term “system,” however, does not necessarily imply that all 
the components of the science education system are well aligned and work togeth-
er seamlessly. Rather, adopting the idea of a system (1) acknowledges the complex 
and interacting forces that shape learning and teaching at the classroom level and 
(2) provides an analytic tool for thinking about these various forces.

The next section is an overview of four major components of the K-12 sci-
ence education system, and in succeeding sections we consider each of them in 
turn. For each component, we discuss what must be in place in order for it to 
align with the framework’s vision. 

These discussions do not include formal recommendations and are not 
framed as standards for each component, because the committee was not asked 
to undertake the kind of extensive review—of the research on teacher education, 

IMPLEMENTATION
Curriculum, Instruction, Teacher Development, and 
Assessment

10
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curriculum, instruction, professional development, and assessment—that would 
be required in order to make explicit recommendations for related sets of stan-
dards for each component. Indeed, the committee and the timeline for our work 
would have required considerable expansion in order to give such an endeavor 
adequate treatment. 

The committee instead relied on a number of recent reports from the 
National Research Council (NRC) that did examine research related to each of 
the components discussed in this chapter. They include Knowing What Students 
Know [1], Investigating the Influence of Standards [2], Systems for State Science 
Assessment [3], America’s Lab Report [4], Taking Science to School [5], and 
Preparing Teachers [6]. The discussions in the following sections are based primar-
ily on these reports.

Explicit standards for teaching, professional development, education pro-
grams, and the education system were included in the original National Science 
Education Standards (NSES) published by the NRC in 1996 [7]. Although 
many of these standards are still relevant to K-12 science education today, the 
committee did not undertake a thorough review of these portions of the NSES. 
Instead, given our charge, we focused on the NSES standards that describe sci-
ence content. For future efforts, we suggest that a review of the other NSES 
standards, in light of the research and development that has taken place since 
1996, would be very valuable; such a review could serve as an important com-
plement to the current effort.

KEY COMPONENTS OF K-12 SCIENCE EDUCATION

The key components of science education that we consider in this chapter are 
curriculum, instruction, teacher development, and assessment. It is difficult to 
focus on any particular component without considering how it is influenced 
by—and how it in turn influences—the other components. For example, what 
students learn is clearly related to what they are taught, which itself depends 
on many things: state science standards; the instructional materials available in 
the commercial market and from organizations (such as state and federal agen-
cies) with science-related missions; the curriculum adopted by the local board 
of education; teachers’ knowledge and practices for teaching; how teachers 
elect to use the curriculum; the kinds of resources, time, and space that teachers 
have for their instructional work; what the community values regarding student 
learning; and how local, state, and national standards and assessments influ-
ence instructional practice.
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We are not attempting to provide a full discussion of all possible influ-
ences on science education; rather, we focus on four major components that have 
critical roles to play and how they will need to evolve in order to implement the 
kind of science education envisaged by this framework. Our discussion also does 
not include detailed consideration of the process of gaining support for adoption 
of standards—for example, developing public will and engaging with state and 
local policy makers. We also do not discuss informal settings for science educa-
tion, which provide many opportunities for learning science that complement and 
extend students’ experiences in school [8].

A Complex System

Much of the complexity of science education systems derives from the multiple 
levels of control—classroom, school, school district, state, and national—across 
which curriculum, instruction, teacher development, and assessment operate; thus 
what ultimately happens in a classroom is significantly affected by decision mak-
ing distributed across the levels and multiple channels of influence.

Each teacher ultimately decides how and what to teach in his or her class-
room, but this decision is influenced by decisions at higher levels of the system. 
First, there is the effect of decisions made at the school level, which include the 
setting of expectations and sequences in certain content areas as well as the princi-
pal’s, department chairs’, or team leaders’ explicit and implicit signals about teach-
ing and learning priorities [9]. Leaders at the school level may also make decisions 
about the time and resources [10] allocated to different subjects within guidelines 
and requirements set by the state, teacher hiring and assignments, the usage of sci-
ence labs, and, in some cases, the presence of a school building’s laboratory space 
in the first place. The school leaders’ expectations, priorities, and decisions estab-
lish a climate that encourages or discourages particular pedagogical approaches, 
collegial interactions, or inservice programs [11, 12]. Furthermore, a school’s 
degree of commitment to equity—to providing opportunities for all students to 
learn the same core content—can influence how students are scheduled into class-
es, which teachers are hired, how they are assigned to teach particular classes, and 
how instructional resources are identified and allocated [13, 14].

At the next level of the system, school districts are responsible for (1) ensur-
ing implementation of state and federal education policies; (2) formulating addi-
tional local education policies; and (3) creating processes for selecting curricula, 
purchasing curriculum materials, and determining the availability of instructional 
resources. District leaders develop local school budgets, set instructional priorities, 
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provide instructional guidance, create incentive structures, and influence the will-
ingness and capacity of schools and teachers to explore and implement different 
instructional techniques. Teacher hiring and school assignment may also occur at 
the district level. Districts may provide support structures and professional devel-
opment networks that enhance the capacity of schools and teachers to implement 
effective science curriculum, instruction, and formative assessments.

The state level is a particularly important one for schools. States, being con-
stitutionally responsible for elementary and secondary education, play major roles 
in regulating and funding education—they provide nearly half of all public school 
revenues [15], with most of the remainder coming from local property taxes. Each 
state must develop and administer its own policies on standards, curriculum, 
materials selection and adoption, teacher licensure, student assessment, and edu-
cational accountability. Across states, the authority of schools and districts to for-
mulate policy varies considerably. Some states have relatively high “local control,” 
with more power residing at the district level; others states have more centralized 
control, with more influence exerted by the state.

Finally, although the federal gov-
ernment contributes less than 10 per-
cent of all funds invested by states and 
local districts in education [16], it influ-
ences education at all levels through 
a combination of regulations, public 
advocacy, and monetary incentives. For 
example, the Elementary and Secondary 
Education Act (No Child Left Behind 
Act) requires the testing of students at 
specific grade levels.

There are also influences from the 
other stakeholders that have an interest 
in science education, such as parents, 

businesses, local communities, and professional societies. These stakeholders can 
become engaged at all levels—national, state, local—and often have a significant 
influence on what is taught and how it is taught. 

Clearly, a science education system must be responsive to a variety of 
influences—some that emanate from the top down, some from the bottom up, and 
some laterally from outside formal channels. States and school districts generally 
exert considerable influence over science curricula, and they set policies for time 
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spent on science. However, classroom teachers in the lower grades may have some 
latitude in how they use instructional time to meet district and state mandates. In 
high school, by contrast, district and state graduation requirements affect the types 
and numbers of science courses that all students are required to take. Beyond such 
minimum requirements, students and their parents determine the overall science 
course load that each student takes.

The Importance of Coherence in the System

The complexity of the system—with several components that are affected by or 
operate at different levels—presents a challenge to implementation of the frame-
work and its related standards. Successful implementation requires that all of the 
components across the levels cohere or work together in a harmonious or logical 
way to support the new vision. This kind of system-wide coherence is difficult to 
achieve, yet it is essential to the success of standards-based science education.

In the literature on education policy, the term “coherence” is often used 
interchangeably with another term—“alignment” [17-19]—although others have 
suggested that alignment alone is not sufficient to make a system coherent [20]. 
For example, not only would a coherent curriculum be well aligned across the 
grades or across subjects, it would also be logically organized, integrated, and har-
monious in its internal structure. Here we treat coherence as the broader concept 
and alignment as only one of its dimensions. 

A standards-based system of science education should be coherent in a 
variety of ways [3]. It should be horizontally coherent, in the sense that the 
curriculum-, instruction-, and assessment-related policies and practices are all 
aligned with the standards, target the same goals for learning, and work together 
to support students’ development of the knowledge and understanding of science. 
The system should be vertically coherent, in the sense that there is (a) a shared 
understanding at all levels of the system (classroom, school, school district, state, 
and national) of the goals for science education (and for the curriculum) that 
underlie the standards and (b) that there is a consensus about the purposes and 

❚ A science education system must be responsive to a variety of 

influences—some that emanate from the top down, some from the 

bottom up, and some laterally from outside formal channels. ❚
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uses of assessment. The system should also be developmentally coherent, in the 
sense that there is a shared understanding across grade levels of what ideas are 
important to teach and of how children’s understanding of these ideas should 
develop across grade levels.

CURRICULUM AND INSTRUCTIONAL MATERIALS

Curriculum refers to the knowledge and practices in subject matter areas that 
teachers teach and that students are supposed to learn. A curriculum gener-
ally consists of a scope, or breadth of content, in a given subject area and of a 
sequence of concepts and activities for learning. While standards typically outline 
the goals of learning, curricula set forth the more specific means—materials, tasks, 
discussions, representations—to be used to achieve those goals. 

Curriculum is collectively defined by teachers, curriculum coordinators (at 
both the school and the district levels), state agencies, curriculum development 
organizations, textbook publishers, and (in the case of science) curriculum kit 
publishers. Although standards do not prescribe specific curricula, they do pro-
vide some criteria for designing curricula. And in order to realize the vision of the 
framework and standards, it is necessary that aligned instructional materials, text-
books, and computer or other media-based materials be developed as well. 

Curricula based on the framework and resulting standards should integrate 
the three dimensions—scientific and engineering practices, crosscutting concepts, 
and disciplinary core ideas—and follow the progressions articulated in this 
report. In order to support the vision of this framework, standards-based cur-
ricula in science need to be developed to provide clear guidance that helps teach-
ers support students engaging in scientific practices to develop explanations and 
models [5, 21-24]. In addition, curriculum materials need to be developed as a 
multiyear sequence that helps students develop increasingly sophisticated ideas 
across grades K-12 [5, 25, 26]. Curriculum materials (including technology) 
themselves are developed by a multicomponent system that includes for-profit 
publishers as well as grant-funded work in the nonprofit sectors of the science 
education community. The adoption of standards based on this framework by 
multiple states may help drive publishers to align with it. Such alignment may 
at first be superficial, but schools, districts, and states can influence publishers 
if enough of them are asking for serious alignment with the framework and the 
standards it engenders.
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Integration of the Three Dimensions

The framework’s vision is that students will acquire knowledge and skill in science 
and engineering through a carefully designed sequence of learning experiences. 
Each stage in the sequence will develop students’ understanding of particular sci-
entific and engineering practices, crosscutting concepts, and disciplinary core ideas 
while also deepening their insights into the ways in which people from all back-
grounds engage in scientific and engineering work to satisfy their curiosity, seek 
explanations about the world, and improve the built world. 

A major question confronting each curriculum developer will be which of 
the practices and crosscutting concepts to feature in lessons or units around a 
particular disciplinary core idea so that, across the curriculum, they all receive suf-
ficient attention [27].

Every science unit or engineering design project must have as one of its goals 
the development of student understanding of at least one disciplinary core idea. In 
addition, explicit reference to each crosscutting concept will recur frequently and 
in varied contexts across disciplines and grades. These concepts need to become 
part of the language of science that students use when framing questions or devel-
oping ways to observe, describe, and explain the world. 

Similarly, the science and engineering practices delineated in this framework 
should become familiar as well to students through increasingly sophisticated 
experiences with them across grades K-8 [28, 29]. Although not every such prac-
tice will occur in every context, the curriculum should provide repeated oppor-
tunities across various contexts for students to develop their facility with these 
practices and use them as a support for developing deep understanding of the con-
cepts in question and of the nature of science and of engineering. This will require 
substantial redesign of current and future curricula [30, 31]. 

Important Aspects of Science Curriculum

In addition to alignment with the framework, there are many other aspects for 
curriculum designers to consider that are not addressed in the framework. This 
section highlights some that the committee considers important but decided would 

❚ While standards typically outline the goals of learning, curricula 

set forth the more specific means—materials, tasks, discussions, 

representations—to be used to achieve those goals. ❚
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be better treated at the level of curriculum design than at the level of framework 
and standards. Considerations of the historical, social, cultural, and ethical aspects 
of science and its applications, as well as of engineering and the technologies it 
develops, need a place in the natural science curriculum and classroom [32, 33]. 
The framework is designed to help students develop an understanding not only 
that the various disciplines of science and engineering are interrelated but also that 
they are human endeavors. As such, they may raise issues that are not solved by 
scientific and engineering methods alone. 

For example, because decisions about the use of a particular technology raise 
issues of costs, risks, and benefits, the associated societal and environmental impacts 
require a broader discussion. Perspectives from history and the social and behavioral 
sciences can enlighten the consideration of such issues; indeed, many of them are 
addressable either in the context of a social studies course, a science course, or both. 
In either case, the importance of argument from evidence is critical. 

It is also important that curricula provide opportunities for discussions 
that help students recognize that some science- or engineering-related questions, 
such as ethical decisions or legal codes for what should or should not be done 
in a given situation, have moral and cultural underpinnings that vary across 
cultures. Similarly, through discussion and reflection, students can come to real-
ize that scientific inquiry embodies a set of values. These values include respect 
for the importance of logical thinking, precision, open-mindedness, objectivity, 
skepticism, and a requirement for transparent research procedures and honest 
reporting of findings. 

Students need opportunities, with increasing sophistication across the grade 
levels, to consider not only the applications and implications of science and engi-
neering in society but also the nature of the human endeavor of science and 
engineering themselves. They likewise need to develop an awareness of the careers 
made possible through scientific and engineering capabilities. 

❚ Through discussion and reflection, students can come to realize that 

scientific inquiry embodies a set of values. These values include respect for 

the importance of logical thinking, precision, open-mindedness, objectivity, 

skepticism, and a requirement for transparent research procedures and 

honest reporting of findings. ❚
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Discussions involving the history of scientific and engineering ideas, of 
individual practitioners’ contributions, and of the applications of these endeav-
ors are important components of a science and engineering curriculum. For 
many students, these aspects are the pathways that capture their interest in these 
fields and build their identities as engaged and capable learners of science and 
engineering [34, 35]. Teaching science and engineering without reference to 
their rich variety of human stories, to the puzzles of the past and how they were 
solved, and to the issues of today that science and engineering must help address 
would be a major omission. It would isolate science and engineering from their 
human roots, undervalue their intellectual and creative contributions, and dimin-
ish many students’ interest. 

Finally, when considering how to integrate these aspects of learning into 
the science and engineering curriculum, curriculum developers, as well as class-

room teachers, face many 
further important questions. 
For example, is a topic best 
addressed by invoking its his-
torical development as a story 
of scientific discovery? Is it 
best addressed in the context 
of a current problem or issue? 
Or is it best conveyed through 
an investigation? What tech-
nology or simulation tools 
can aid student learning? In 
addition, how are diverse stu-
dent backgrounds explicitly 
engaged as resources in struc-
turing learning experiences 
[36, 37]? And does the curric-
ulum offer sufficiently varied 
examples and opportunities so 

that all students may identify with scientific knowledge-building practices and 
participate fully [38, 39]? These choices occur both in the development of cur-
riculum materials and, as we discuss in the following section, in decisions made 
by the teacher in planning instruction. 
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LEARNING AND INSTRUCTION

Instruction refers to methods of teaching and the learning activities used to help 
students master the content and objectives specified by a curriculum. Instruction 
encompasses the activities of both teachers and students. It can be carried out by 
a variety of pedagogical techniques, sequences of activities, and ordering of top-
ics. Although the framework does not specify a particular pedagogy, integration of 
the three dimensions will require that students be actively involved in the kinds of 
learning opportunities that classroom research suggests are important for (1) their 
understanding of science concepts [5, 40-42], (2) their identities as learners of sci-
ence [43, 44], and (3) their appreciation of scientific practices and crosscutting 
concepts [45, 46]. 

Several previous NRC committees working on topics related to science edu-
cation have independently concluded that there is not sufficient evidence to make 
prescriptive recommendations about which approaches to science instruction are 
most effective for achieving particular learning goals [3-5]. However, the recent 
report Preparing Teachers noted that “there is a clear inferential link between 
the nature of what is in the standards and the nature of classroom instruction. 
Instruction throughout K-12 education is likely to develop science proficiency if it 
provides students with opportunities for a range of scientific activities and scien-
tific thinking, including, but not limited to: inquiry and investigation, collection 
and analysis of evidence, logical reasoning, and communication and application of 
information” [6].

For example, researchers have studied classroom teaching interventions 
involving curriculum structures that support epistemic practices (i.e., articulation 
and evaluation of one’s own knowledge, coordination of theory and evidence) 
[47]; instructional approaches for English language learners [48]; the effects of 
project-based curricula and teaching practices [49]; the effects of instruction on 
core ideas, such as the origin of species [50]; and the influence of multiple repre-
sentations of learning [51]. Others have investigated curricular approaches and 
instructional practices that are matched to national standards [52] or are focused 
on model-based inquiry [24]. In some work, there is a particular interest in the 
role of students’ learning of scientific discourses, especially argumentation [33, 53, 
54]. Taken together, this work suggests teachers need to develop the capacity to 
use a variety of approaches in science education.

Much of this work has examined pedagogical issues related to the “strands” 
of scientific proficiency outlined in Taking Science to School [5], and we next turn 
to those strands.
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What It Means to Learn Science

The NRC report Taking Science to School [5] concluded that proficiency in sci-
ence is multifaceted and therefore requires a range of experiences to support 
students’ learning. That report defined the following four strands of proficiency, 
which it maintained are interwoven in successful science learning: 

1.  Knowing, using, and interpreting scientific explanations of the natural 
world.

2. Generating and evaluating scientific evidence and explanations.
3. Understanding the nature and development of scientific knowledge.
4. Participating productively in scientific practices and discourse.

Strand 1 includes the acquisition of facts, laws, principles, theories, and 
models of science; the development of conceptual structures that incorporate 
them; and the productive use of these structures to understand the natural world. 
Students grow in their understanding of particular phenomena as well as in their 
appreciation of the ways in which the construction of models and refinement of 
arguments contribute to the improvement of explanations [29, 55].

Strand 2 encompasses the knowledge and practices needed to build and 
refine models and to provide explanations (conceptual, computational, and 
mechanistic) based on scientific evidence. This strand includes designing empirical 
investigations and measures for data collection, selecting representations and ways 
of analyzing the resulting data (or data available from other sources), and using 
empirical evidence to construct, critique, and defend scientific arguments [45, 56].

Strand 3 focuses on students’ understanding of science as a way of knowing. 
Scientific knowledge is a particular kind of knowledge with its own sources, justi-
fications, ways of dealing with uncertainties [40], and agreed-on levels of certain-
ty. When students understand how scientific knowledge is developed over system-
atic observations across multiple investigations, how it is justified and critiqued on 
the basis of evidence, and how it is validated by the larger scientific community, 
the students then recognize that science entails the search for core explanatory 
constructs and the connections between them [57]. They come to appreciate that 
alternative interpretations of scientific evidence can occur, that such interpreta-
tions must be carefully scrutinized, and that the plausibility of the supporting 
evidence must be considered. Thus students ultimately understand, regarding both 
their own work and the historical record, that predictions or explanations can 
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be revised on the basis of seeing new evidence or of developing a new model that 
accounts for the existing evidence better than previous models did.

Strand 4 includes students’ effective engagement in science practices with 
an understanding of the norms for participating in science, such as norms for 
constructing and presenting scientific models and explanations, for critiquing and 
defending a claim while engaged in scientific debates, and for students’ motiva-
tion and attitudes toward science. For example, over time, students develop more 
sophisticated uses of scientific talk—which includes making claims and using 
evidence—and of scientific representations, such as graphs [58], physical models 
[59], and written arguments [60, 61]. They come to see themselves as members 
of a scientific community in which they test ideas, develop shared representations 
and models, and reach consensus. Students who see science as valuable and inter-
esting and themselves as capable science learners also tend to be capable learners 
as well as more effective participants in science [8]. They believe that steady effort 
in understanding science pays off—as opposed to erroneously thinking that some 
people understand science and other people never will. To engage productively in 
science, however, students need to understand how to participate in scientific dis-
cussions, how to adopt a critical stance while respecting the contributions of oth-
ers, and how to ask questions and revise their own opinions [62].

The four strands imply that learning science involves learning a system of 
thought, discourse, and practice—all in an interconnected and social context—to 
accomplish the goal of working with and understanding scientific ideas. This per-
spective stresses how conceptual understanding is linked to the ability to develop 
explanations of phenomena and to carry out empirical investigations in order to 
develop or evaluate those knowledge claims. Furthermore, it recognizes the con-
ceptual effort needed for students’ naive conceptions of the world to be modified 
as they learn science, rather than maintained with little change even as they con-
tradict the material being taught. These strands are not independent or separable 
in the practice of science, nor in the teaching and learning of science. Rather, they 
are mutually supportive—students’ advances in one strand tend to leverage or 
promote advances in other strands. Furthermore, students use them together when 
engaging in scientific tasks. 

The NRC report Learning Science in Informal Environments [8] built on 
these proficiencies by including two additional strands. The first highlighted the 
importance of personal interests related to science, and the second noted the 
importance of helping learners come to identify with science as an endeavor they 
want to seek out, engage in, and perhaps contribute to. Science-linked interests 
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and identity are important aspects of the science proficiencies of all learners, 
and we have discussed them specifically in other parts of the framework (see 
Chapters 2 and 11).

Although the strands are useful for thinking about proficiencies that stu-
dents need to develop, as framed they do not describe in any detail what it is that 
students need to learn and practice. Thus they cannot guide standards, curricula, 
or assessment without further specification of the knowledge and practices that 
students must learn. The three dimensions that are developed in this framework—
practices, crosscutting concepts, and disciplinary core ideas—make that specifica-
tion and attempt to realize the commitments to the strands of scientific literacy 
in the four strands. There is not a simple one-to-one mapping of strands to the 
dimensions, because the strands are interrelated aspects of how learners engage 
with scientific ideas. Table 10-1 summarizes how the strands of scientific literacy 
guided the design of the dimensions in the framework. 

Implications for Instruction

As the report Taking Science to School concludes, “a range of instructional 
approaches is necessary as part of a full development of the four strands of 
proficiency. All students need to experience these different approaches” [5]. 
“Approaches” here refer to the wide range of instructional strategies—from 
those that are led exclusively by the teacher to those that are led primarily by the 
student—that teachers can employ in science classrooms. Instruction may involve 
teacher talk and questioning, or teacher-led activities, or collaborative small-group 
investigations [63], or student-led activities. The extent of each alternative varies, 

depending on the initial ideas that 
students bring to learning (and their 
consequent needs for scaffolding), the 
nature of the content involved, and 
the available curriculum support. 

Current research in K-12 sci-
ence classrooms reveals that earlier 
debates about such dichotomies as 
“direct instruction” and “inquiry” 
are simplistic, even mistaken, as a 
characterization of science pedagogy 
[5]. This research focuses on particu-
lar aspects of teaching methods, such 
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TABLE 10-1 Relationship of Strands and Dimensions

Strands from Taking 
Science to School [5]

Dimensions in 
Framework

How the Framework Is Designed to Deliver on 
the Commitment in the Strand

1.  Knowing, using, and 
interpreting scientific 
explanations of the 
natural world

Disciplinary 
  Core Ideas
Crosscutting 
  Concepts

Specify big ideas, not lists of facts:
Core ideas in the framework are powerful explanatory 
ideas, not a simple list of facts, that help learners 
explain important aspects of the natural world. 
Many important ideas in science are crosscutting, and 
learners should recognize and use these explanatory 
ideas (e.g., systems) across multiple scientific contexts.

2.  Generating and 
evaluating scientific 
evidence and 
explanations

4.  Participating 
productively in  
scientific practices  
and discourse

Practices Learning is defined as the combination of both 
knowledge and practice, not separate content and 
process learning goals:
Core ideas in the framework are specified not 
as explanations to be consumed by learners. The 
performances combine core ideas and practices. The 
practices include several methods for generating 
and using evidence to develop, refine, and apply 
scientific explanations to construct accounts of 
scientific phenomena. Students learn and demonstrate 
proficiency with core ideas by engaging in these 
knowledge-building practices to explain and make 
scientifically informed decisions about the world. 

3.  Understanding 
the nature and 
development of 
scientific knowledge

Practices
Crosscutting
  Concepts

Practices are defined as meaningful engagement with 
disciplinary practices, not rote procedures:
Practices are defined as meaningful practices in which 
learners are engaged in building, refining, and applying 
scientific knowledge, to understand the world, and not 
as rote procedures or a ritualized “scientific method.” 
Engaging in the practices requires being guided by 
understandings about why scientific practices are done 
as they are—what counts as a good explanation, what 
counts as scientific evidence, how it differs from other 
forms of evidence, and so on. These understandings 
are represented in the nature of the practices and in 
crosscutting concepts about how scientific knowledge is 
developed that guide the practices.
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as teachers’ oral strategies in guided science inquiry [64] and how they influence 
students’ progress in scientific practices, crosscutting concepts and core ideas. For 
example, McNeill and Krajcik [22] studied how teachers’ instructional practices 
affected students’ scientific explanations; Kanter and Konstantopoulos [32] report-
ed on the effects of teachers’ content knowledge and instructional practices on 
minority students’ achievements, attitudes, and careers. Other research has tracked 
how students’ learning of scientific argumentation related to their development of 
scientific knowledge [65, 66]. Technological resources for science learning offer 
another instructional option [67-69].

Engagement in the scientific and engineering practices and the undertaking 
of sustained investigations related to the core ideas and crosscutting concepts pro-
vide the strategies by which the four strands can be developed together in instruc-
tion. The expectation is that students generate and interpret evidence and develop 
explanations of the natural world through sustained investigations. However, such 
investigations must be carefully selected to link to important scientific ideas, and 
they must also be structured with attention to the kinds of support that students 
will need, given their level of proficiency. Without support, students may have 
difficulty finding meaning in their investigations, or they may fail to see how the 
investigations are relevant to their other work in the science classroom, or they 
may not understand how their investigations’ outcomes connect to a given core 
idea or crosscutting concept [70]. Finally, sufficient time must be allocated to sci-
ence so that sustained investigations can occur.

TEACHER DEVELOPMENT

Ultimately, the interactions between teachers and students in individual classrooms 
are the determining factor in whether students learn science successfully. Thus 
teachers are the linchpin in any effort to change K-12 science education. And it 
stands to reason that in order to support implementation of the new standards 
and the curricula designed to achieve them, the initial preparation and profes-
sional development of teachers of science will need to change. 

Schools, districts, institutions of higher education, state agencies, and 
other entities recruit, prepare, license, and evaluate teachers and provide an 
array of opportunities for their continued professional learning. A coher-
ent approach to implementing standards would require all of these entities to 
work toward common goals and to evaluate the effectiveness of their require-
ments, procedures, teaching experiences, and courses in supporting the desired 
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approaches. (A common response from state science supervisors who reviewed 
the framework’s draft version was to recognize the professional development 
demands it would place on the education systems in which they operate.) 
Alignment of teacher preparation and professional development with the vision 
of science education advanced in this framework is essential for eventual wide-
spread implementation of the type of instruction that will be needed for stu-
dents to achieve the standards based on it.

Teaching science as envisioned by the framework requires that teachers 
have a strong understanding of the scientific ideas and practices they are expected 
to teach, including an appreciation of how scientists collaborate to develop new 
theories, models, and explanations of natural phenomena. Rarely are college-level 
science courses designed to offer would-be science teachers, even those who major 
in science, the opportunity to develop these understandings. Courses designed with 
this goal are needed.

Teachers also need to understand what initial ideas students bring to school 
and how they may best develop an understanding of scientific and engineering prac-
tices, crosscutting concepts, and disciplinary core ideas across multiple grades [71]. 
Furthermore, in order to move students along the developmental progression of 
practices, crosscutting concepts, and core ideas, teachers need science-specific peda-
gogical content knowledge [72-74]—such as the ability to recognize common pre-
scientific notions that underlie a student’s questions or models—in order to choose 
the pedagogical approaches that can build on those notions while moving students 
toward greater scientific understanding of the topics in question. In sum, teachers at 
all levels must understand the scientific and engineering practices, crosscutting con-
cepts, and disciplinary core ideas; how students learn them; and the range of instruc-
tional strategies that can support their learning. Furthermore, teachers need to learn 
how to use student-developed models, classroom discourse, and other formative 
assessment approaches to gauge student thinking and design further instruction 
based on it. A single “science methods” course cannot develop this knowledge in 

❚ Teachers are the linchpin in any effort to change K-12 science 

education. . . . In order to support implementation of the new standards 

and the curricula designed to achieve them, the initial preparation and 

professional development of teachers of science will need to change. ❚
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any depth across all subjects for high school science teachers, nor across all grades 
for elementary school teachers. Furthermore, many teachers now enter the system 
through alternative paths that may not include coursework in science teaching.

The research base related to strategies for science teacher preparation has 
been growing in the past decades [75-77]. Recent research has focused on the 
kinds of teacher knowledge to be addressed [78-82], particular programs and 
courses for prospective teachers [83], and how induction programs (which provide 
early mentoring and evaluation experiences, for example) can support new teach-
ers [84]. However, an NRC committee charged with reviewing teacher prepara-
tion programs concluded that there is virtually “no systematic information on the 
content or practices of preparation programs or requirements for science teachers 
across states” [6]. In other words, while there is some research on what might be 
effective in preservice education little is known about what is actually offered.

State licensure requirements and the content of state licensing exams suggest 
that the requirements in science are fairly weak for elementary teachers and prob-
ably inadequate for middle school teachers. Although there is some evidence about 
approaches to professional development for K-12 science teachers [85-93], the 
research base needs further evidence from studies across K-12 teachers at different 
grade levels and across different disciplines [94-96]. Given these circumstances, 
the discussion in the following subsections is based on the information available, 
the committee’s professional judgments, and logical inferences about what knowl-
edge and skills teachers need to have in order to provide the learning experiences 
implied by the framework.

Preservice Experiences

Prospective science teachers will need science courses and other experiences that 
provide a thorough grounding in all three of the framework’s dimensions [97]. Thus 
science teacher preparation must develop teachers’ focus on, and deepen their under-
standing of the crosscutting concepts, disciplinary core ideas [98, 99], and scientific 
and engineering practices [100] so as to better engage their students in these dimen-
sions [101, 102]. The goal of building students’ understanding of the core ideas over 
multiple grades means that teachers will need to appreciate both the current intellec-
tual capabilities of their students and their developmental trajectories [103]. Toward 
this end, preservice 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 [81]. 
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Ensuring that teachers incorporate the full range of scientific and engineer-
ing practices described in the framework is likely to be a challenge, but science 
methods courses will need revision to support prospective teachers’ eventual facil-
ity with that range in their classrooms. This means introducing prospective teach-
ers to a spectrum of scientific investigations, including simple investigations in the 
classroom using everyday materials, field studies outside the classroom [6], formal 
experiments carried out in the laboratory [104], and student-designed investiga-
tions [54]. Teachers also need opportunities to develop the knowledge and practic-
es to support these investigations, including how to prepare, organize, and main-
tain materials; implement safety protocols; organize student groups; and guide 
students as they collect, represent, analyze, discuss data, argue from evidence, and 
draw conclusions [80].

Given that prospective teachers often rely heavily on curricular materials to 
guide their preparation and teaching, they will also need experiences in analyzing 
and revising curricular materials using standards- and research-based criteria [105, 
106]. In addition, in this age of accountability, new teachers will need support in 
developing their knowledge of forms of assessment [79].

Beyond investigations, the discourse practices also are an important com-
ponent of the framework [82, 107]; teachers will need support to learn how to 
facilitate appropriate and effective discourse in their classrooms [108, 109]. The 
emphasis on modeling is also new and will need to be an explicit element of teach-
er preparation [75, 110]. 

Moreover, preservice experiences will need to help teachers develop explicit 
ways to bring the crosscutting concepts into focus as they teach disciplinary con-
tent ideas. In effect, the framework calls for using a common language across 
grade levels for both scientific and engineering practices and crosscutting concepts. 
Engaging teachers in using this language during their preparation experiences is 
one strategy for ensuring that they develop facility and comfort with using it in 
the classroom. 

The practices of obtaining, representing, communicating, and presenting 
information pose a particular challenge. Although elementary science teach-
ers are usually also teachers of reading and writing and have experience in that 

❚ Preservice 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. ❚
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realm, this is not the case for most secondary science teachers. Even for elemen-
tary teachers, their experience as literacy teachers rarely stresses science-specific 
issues, such as developing understanding based on integrating text with pictures, 
diagrams, and mathematical representations of information. For science teach-
ers to embrace their role as teachers of science communication and of practices 
of acquiring, evaluating, and integrating information from multiple sources and 
multiple forms of presentation, their preparation as teachers will need to be 
strong in these areas [111].

The committee recognizes that incorporating the elements identified above 
will place significant demands on existing teacher preparation programs and on 
science teaching in college-level science departments. This may be particularly the 
case for the preparation of elementary teachers, who are typically required to take 
only a limited number of science courses and a single science methods course. 
A variety of mechanisms for integrating these elements will probably need to be 
considered, including modification of courses, addition of courses, and changes in 
licensing requirements. Any such redesigns should be oriented to the framework’s 
three dimensions while incorporating research-based knowledge of what is most 
effective in teacher preparation. 

Inservice Professional Development

Preservice preparation alone cannot fully prepare science teachers to implement 
the three dimensions of the framework as an integrated and effective whole. 
Inservice professional development will also be necessary to support teachers as 
they move into classrooms and teach science education curricula based on the 
framework [19, 112] and to introduce current teachers to the elements of the 
framework and the teaching practices that are needed to support them. Science-
specific induction, and mentoring, and ongoing professional development for 
teachers at all stages of their careers, are needed. 

This professional development should not only be rich in scientific and engi-
neering practices, crosscutting concepts, and disciplinary core ideas but also be 
closely linked to teachers’ classroom practices and needs [113]. Such professional 
development will thus need to be closely tied to the standards and curricula spe-
cific to the school, district, and state in which a particular teacher is teaching [64]. 
This burden will fall at local and state levels, but the capacity to meet it could be 
improved by coordinated development of teacher inservice programs capable of 
serving multiple states that choose to adopt the same set of standards. The capac-
ity of the informal science learning sector to support effective teacher development 
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will also need attention to 
ensure that the work that 
such institutions as science 
museums do in teacher 
professional development 
is likewise aligned to the 
framework’s vision.

Because elementary 
teachers teach several sub-
jects, it will be especially 
important to consider 
how best to meet their 
combined needs through 
teacher preparation, early-
career induction support, 

and ongoing professional development [114]. Some exploration of alternate mod-
els of teacher assignment, particularly at the upper elementary and middle school 
grades, may be needed. Even for secondary science teachers, facility with concep-
tual understanding of the framework [115, 116] and with the practices described 
here [80, 117] will require continuing professional development.

It should be understood that effective implementation of the new standards 
may require ongoing professional development support and that this support may 
look different from earlier versions. For example, the use of technology-facilitated 
approaches—such as teachers’ video clubs to study their practices collaboratively 
[118] or the use of geospatial or modeling technology—while rare today, may 
become commonplace [119].

ASSESSMENT

Assessment refers to the means used to measure the outcomes of curriculum and 
instruction—the achievements of students with regard to important competencies. 
Assessment may include formal methods, such as large-scale standardized state 
testing, or less formal classroom-based procedures, such as quizzes, class projects, 
and teacher questioning. In the brief subsections that follow, we discuss some of 
the more challenging issues related to assessment that are part of the landscape for 
implementing the framework and its resulting standards.
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Purposes of Assessments

As discussed in Knowing What Students Know [1], there are at least three pur-
poses for educational assessment: 

1.  Formative assessment for use in the classroom to assist learning. Such 
assessment is designed to provide diagnostic feedback to teachers and 
students during the course of instruction. Teachers need assessment infor-
mation about their individual students to guide the instructional process.

2.  Summative assessment for use at the classroom, school, or district level 
to determine student attainment levels. Such assessment includes tests, 
given at the end of a unit or a school year, that are designed to determine 
what individual students have achieved.

3.  Assessment for program evaluation, used in making comparisons across 
classrooms, schools, districts, states, or nations. Such assessment often 
includes standardized tests designed to measure variation in the outcomes 
of different instructional programs. 

Schools, districts, and states typically employ assessments for all three pur-
poses and sometimes today for a fourth purpose—evaluation of teacher effective-
ness. Often the multiple forms of assessment have been designed separately and 
may not be well aligned with each other [3]. But just as the education system as a 
whole needs to function coherently to support implementation of the framework 
and related standards, the multiple forms of assessment need to function coher-
ently as well. That is, the various forms of assessment should all be linked to the 
shared goals outlined by the framework and related standards while at the same 
time be designed to achieve the specific purpose at hand. 

In addition, designers of assessments need to consider the diverse back-
grounds that students bring with them to science class. For example, from an anal-
ysis of the language demands faced by English language learners on science per-
formance assessments, Shaw, Bunch, and Geaney [120] concluded that assessment 
developers need to eliminate barriers of language, gender-biased examples, and 
other forms of representation that preclude some students’ useful participation.

More fundamentally, the education system currently lacks sophistication in 
understanding and addressing the different purposes of assessment and how they 
relate to each other and to the standards for a particular subject. For example, a 
glaring and frequent mistake is to assume that current standardized tests of the type 
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used by most states to assess academic achievement for accountability purposes 
can also suffice to fulfill the other purposes of assessment. Such a “one-size-fits-all” 
notion of assessment is demonstrably inadequate. No single assessment, regardless 
of how well it might be designed, can possibly meet the range of information needs 
that operate from the classroom level on up [1, 3]. 

Assessment Contexts: Classroom and Large-Scale Uses

In addition to differences in purpose, there are differences among assessments 
(and similarities) in their contexts of use, which range from the classroom level 
to the national level. As discussed in the NRC report Assessment in Support of 
Instruction and Learning: Bridging the Gap Between Large-Scale and Classroom 
Assessment [121], there are many desirable design features that should be shared 
by assessments, whether intended for use at the classroom level (for formative or 
summative purposes) or intended for large-scale use by states and nations (typical-
ly for accountability purposes). There are also some unique design characteristics 
that apply separately to each context. Many of the desirable design characteristics, 
shared or unique (to each context of use) alike, are currently unmet by the current 
generation of science assessment tools and resources. 

Most science assessments, whether intended for classroom or large-scale use, 
still employ paper-and-pencil presentation and response formats that are amenable 
only to limited forms of problem types. In fact, most large-scale tests are composed 
primarily of selected-response (multiple-choice) tasks, and the situation is often 
not much better at the classroom level. Assessments of this type can measure some 
kinds of conceptual knowledge, and they also can provide a snapshot of some sci-
ence practices. But they do not adequately measure other kinds of achievements, 
such as the formulation of scientific explanations or communication of scientific 
understanding [122]. They also cannot assess students’ ability to design and execute 
all of the steps involved in carrying out a scientific investigation [4] or engaging 
in scientific argumentation. A few states have developed standardized classroom 
assessments of science practices by providing uniform kits of materials that students 
use to carry out laboratory tasks; this approach has also been used in the National 
Assessment of Educational Progress (NAEP) science test. However, administering 
and scoring these hands-on tasks can be cumbersome and expensive [3]. 

Computer-based assessment offers a promising alternative [6, 123]. 
Simulations are being designed to measure not only deep conceptual understand-
ing but also the science practices that are difficult to assess using paper-and-pencil 
tests or hands-on laboratory tasks [124]. In 2006 and 2009, the Programme 
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for International Student Assessment (PISA) pilot-tested the Computer-Based 
Assessment of Science (CBAS), designed to measure science knowledge and inqui-
ry processes. The 2009 NAEP science test included interactive computer tasks 
designed to test students’ ability to engage in science inquiry practices. And the 
2012 NAEP Technological 
Literacy Assessment will 
include simulations for 
assessing students’ facil-
ity with information and 
communications technol-
ogy tools and their ability 
to engage in the engineer-
ing design process. At the 
state level, Minnesota has 
an online science test with 
tasks that engage students in 
simulated laboratory experi-
ments or in investigations of such phenomena as weather and the solar system. 
There is hope that some of these early developments in large-scale testing contexts 
can be used as a springboard for the design and deployment of assessments, rang-
ing down to the classroom level, that support aspects of the framework.

Designing Assessments

Designing high-quality science assessments that are consistent with the framework, 
that satisfy the different purposes of assessment, and that function in the varying 
contexts of use is an important goal, which will require attention and investment 
to achieve. Such science assessments must target the full range of knowledge and 
practices described in this report. They must test students’ understanding of sci-
ence as a content domain and their understanding of science as an approach. And 
they must provide evidence that students can apply their knowledge appropriately 
and are building on their existing knowledge and skills in ways that lead to deeper 
understanding of the scientific and engineering practices, crosscutting concepts, 
and disciplinary core ideas. Science assessments must address all of these peda-
gogical goals while also meeting professional educators’ standards for reliability, 
validity, and fairness. 

Although we have distinguished three purposes of assessment and different 
contexts of use, quality instruments for each purpose and context depend on the 
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same three basic components: (1) theories and data about content-based cogni-
tion that indicate the knowledge and practices that should be tested, (2) tasks 
and observations that can provide information on whether the student has mas-
tered the knowledge and practices of interest, and (3) qualitative and quantitative 
techniques for scoring student performance that capture fairly the differences in 
knowledge and practice [1].

Every assessment has to be specifically designed to serve its intended pur-
pose and context of use. An assessment designed to provide information about 
students’ difficulties with a single concept so that it can be addressed with instruc-
tion would be designed differently from an assessment meant to provide informa-
tion to policy makers for evaluating the effectiveness of the overall education sys-
tem. Details about the design of assessments for any given purpose or context are 
beyond the scope of the framework, as are the principles for designing systems of 
assessments that operate across the classroom, district, and state levels. However, 
guidance to states for developing a coherent system of assessments can be found in 
the NRC report Systems for State Science Assessment [3]. 

SUMMARY

As this chapter’s discussion suggests, the committee’s work on the framework and 
resulting standards is only the beginning. In order for students to experience and 
engage in the opportunities needed for understanding the three dimensions of sci-
entific and engineering practices, crosscutting concepts, and disciplinary core ideas 
described in the framework, many other players and components of the system 
will need to change, often in dramatic ways. And these changes will need to occur 
in parallel, driven by a common vision, as well as iteratively, because each affects 
the capacity of other components of the system to implement the framework and 
standards. It is the committee’s vision that the framework and standards based on 
it can help drive ongoing evolutionary change in science instruction through paral-
lel and interlocking developments across the multiple components of the system. 

Curriculum developers will need to design K-12 science curricula based on 
research and on learning progressions across grade levels that incorporate the 
framework’s three dimensions. Teacher preparation programs and professional 
development programs will need to provide learning opportunities for teachers 
themselves in order to deepen their conceptual understanding, engage in scientific 
and engineering practices, and develop an appreciation of science as a way of 
knowing in a community of knowledge builders. These programs will also need to 
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enhance teachers’ skills in investigating students’ ideas, selecting effective teaching 
practices, assessing students’ progress, and developing classroom communities 
and discourses in which all students and their ways of knowing are valued and 
respected. College science departments will need to attend to the needs of pro-
spective science teachers. Assessment developers will need to develop creative, 
valid, and reliable ways of gathering evidence about students’ progress across 
the domains and grade levels to satisfy different purposes at different levels of 
the science education system.

Furthermore, because these changes are needed across the entire science 
education system—involving not only the educators at the front lines but also 
those who make and implement policies—professional development for state-
level science supervisors, school boards, district-level leaders, principals, and 
curriculum specialists will be necessary as well. In that way, all components and 
players in the science education system can mesh coherently with the frame-
work’s vision for a more inclusive, focused, and authentic science education 
experience for all students. 
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EQUITY AND DIVERSITY IN SCIENCE AND 
ENGINEERING EDUCATION

11

Communities expect many things from their K-12 schools, among them the 
development of students’ disciplinary knowledge, upward social mobility, 
socialization into the local community and broader culture, and prepara-

tion for informed citizenship. Because schools face many constraints and persistent 
challenges in delivering this broad mandate for all students, one crucial role of a 
framework and its subject matter standards is to help ensure and evaluate educa-
tional equity. In the committee’s judgment, concerns about equity should be at the 
forefront of any effort to improve the goals, structures, and practices that support 
learning and educational attainment for all students. See Box 11-1 for a discussion 
of different interpretations of equity. 

In this chapter, we highlight equity issues that relate to students’ educational 
experiences and outcomes in science and engineering. We argue that the conclu-
sions and principles developed here should be used to inform any effort to define 
and promote standards for science and engineering education. Issues related to 
equity and diversity become even more important when standards are translated 
into curricular and instructional materials and assessments.

SCIENCE AND ENGINEERING LEARNING FOR ALL

Promoting scientific literacy among all of the nation’s people is a democratic 
ideal worthy of focused attention, significant resources, and continuing effort. 
To help achieve that end, the committee thinks not only that standards should 
reflect high academic goals for all students’ science and engineering learning—as 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education278

outlined in this framework—but also that all students should have adequate 
opportunities to learn.

America’s children face a complex world in which participation in the 
spheres of life—personal, social, civic, economic, and political—require deeper 
knowledge of science and engineering among all members of society. Such issues 
as human health, environmental conservation, transportation, food production 
and safety, and energy production and consumption require fluency with the core 
concepts and practices of science and engineering. As McDermott and Weber [1] 
point out, a major goal for science education should be to provide all students 
with the background to systematically investigate issues related to their personal 
and community priorities. They should be able to frame scientific questions perti-
nent to their interests, conduct investigations and seek out relevant scientific argu-
ments and data, review and apply those arguments to the situation at hand, and 
communicate their scientific understanding and arguments to others. 

Students could go yet further, because a growing number of important 
occupations in the 21st century—including those in expanding fields of science, 
technology, engineering, and mathematics as well as in many other segments of 
the workforce—will make use of the practices of scientific analyses, argumenta-
tion, communication, and engineering design. Providing more equitable access 
to the knowledge and practices associated with science- and engineering-related 
occupations requires a more equitable achievement of science and engineering 

WHAT IS EQUITY?

The term “equity” has been used in different ways by different communities of researchers and educators. Equity 
as an expression of socially enlightened self-interest is reflected in calls to invest in the science and engineering 
education of underrepresented groups simply because American labor needs can no longer be met by recruiting 
among the traditional populations. Equity as an expression of social justice is manifested in calls to remedy the 
injustices visited on entire groups of American society that in the past have been underserved by their schools 
and have thereby suffered severely limited prospects of high-prestige careers in science and engineering. Other 
notions of equity are expressed throughout the education literature; all are based on the commonsense idea of 
fairness—what is inequitable is unfair. Fairness is sometimes considered to mean offering equal opportunity to 
all. The most commonly used definition of equity, as influenced by the U.S. Supreme Court’s Brown v. Board of 
Education (1954, 1955) and Lau v. Nichols (1974), frames equity in terms of equal treatment of all.

BOX 11-1 
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literacy [2, 3]. All students should be able to learn about the broad set of pos-
sibilities that modern life offers and to pursue their aspirations, including their 
occupations of interest. 

Considering Sources of Inequity

Today there are profound differences among specific demographic groups in 
their educational achievements and patterns of science learning, as in other sub-
ject matter areas. The reasons for these differences are complex, and research-
ers and educators have advanced a variety of explanations. We cannot address 
all of them in this chapter, so we focus instead on two key areas. The first links 
differences in achievement to differences in opportunities to learn because of 
inequities across schools, districts, and communities. The second considers how 
approaches to instruction can be made more inclusive and motivating for diverse 
student populations. 

Other sources of inequity that are important but beyond the scope of this 
chapter are nevertheless important to keep in mind. For example, low learning 
expectations and biased stereotypical views about the interests or abilities of 
particular students or demographic groups also contribute, in both subtle and 
overt ways, to their curtailed educational experiences and inequitable learning 
supports [4-6]. Students’ own motivation and interest in science and engineering 
can also play a role in their achievement and pursuit of these fields in secondary 
school and beyond. Thus attention to factors that may motivate or fail to moti-
vate students from particular demographic groups is important to keep in mind 
when designing instruction.

Students’ preparation in other subjects, especially literacy and mathemat-
ics, also affects their achievement in science. If some groups of students fail to 
become effective readers and writers by late elementary school, teachers have 
difficulty helping them to make progress—not only in science but also across all 
subject areas. These students fall further behind, and the problem for teachers 
grows more complex and challenging. Such dynamics can, in effect, reinforce the 
low-expectation tracking of students as they move through school, thereby sig-
nificantly reducing their access to science and engineering pathways through K-12 
and limiting the possibility of their going to college. 

Students’ Capacity to Learn Science

But can all students aspire to the science and engineering learning goals outlined 
in the framework? Psychological and anthropological studies of human learning 
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broadly show that all individuals, with a small number of notable exceptions, 
can engage in and learn complex subject matter—especially if it connects to areas 
of personal interest and consequence—when supportive conditions and feedback 
mechanisms are in place and the learner makes a sustained effort [7, 8]. As we 
detail in the next section, a growing set of studies in science education show a 
similar consensus that students—from across social classes and other demographic 
groupings—can learn science when provided with supportive conditions to learn 
over an extended period [9-12]. Significant and persistent achievement gaps in 
science do exist on national and state assessments for low-income and minority 
students, but these outcomes should not be seen as stemming from an inability of 
some students to be capable of engaging in sophisticated learning. 

Educational standards should therefore establish science and engineering 
learning goals that reflect common expectations for all students. Just as they are 
expected to learn how to read and write, they should also be expected to learn the 
core ideas and practices of science and engineering.

EQUALIZING OPPORTUNITIES TO LEARN

Science and engineering are growing in their societal importance, yet access to a 
high-quality education in science and engineering remains determined in large part 
by an individual’s socioeconomic class, racial or ethnic group, gender, language 
background, disability designation, or national origin. As summarized by Banks 
et al.: “Being born into a racial majority group with high levels of economic and 
social resources—or into a group that has historically been marginalized with low 
levels of economic and social resources—results in very different lived experiences 
that include unequal learning opportunities, challenges, and potential risks for 
learning and development” [9]. Many students from lower socioeconomic strata 
enter formal schooling with smaller academic vocabularies [13], have less access to 
organized extracurricular activities and supplemental supports [14], and have less 
social capital mobilized on their behalf than their more economically advantaged 
peers [15]. Given the expectations of schooling, these differences pose numerous 

❚ All individuals, with a small number of notable exceptions, can 

engage in and learn complex subject matter . . . when supportive 

conditions and feedback mechanisms are in place and the learner 

makes a sustained effort. ❚
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educational challenges that make positive learning outcomes difficult to attain. 
That said, students from lower socioeconomic strata often engage in more self-
directed, creative play and receive support from a broader network of extended 
family members [14]. 

Achievement gaps are well documented, in science as well as in other sub-
ject areas, for black, Hispanic/Latino, and American Indian students. High school 
dropout rates are disproportionately high for these same groups. Girls’ interest in 
science dramatically declines compared with boys’ as students transition into mid-
dle school, and women continue to be underrepresented in a number of science 
and engineering fields and on the science and engineering faculties of many colleg-
es and universities. The causes of these differences in educational achievement and 
professional attainment are multiple, explanations for them are somewhat contest-
ed, and in many ways they are the result of complex developmental processes that 
are difficult to study [15]. But one perspective on how these achievement differen-
tials occur is to understand that they often result from “resource gaps” or gaps in 
“opportunities to learn” [16, 17]. 

Arguably, the most pressing challenge facing U.S. education is to provide all 
students with a fair opportunity to learn [17-19]. Many schools lack the material 
resources and instructional supports needed to provide exemplary science instruction 
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to all students on a regular basis. For example, in a survey of California teachers, 54 
percent stated that they were indeed in that situation [20]. The study indicated that 
such shortages were more likely at schools that served high percentages of students 
at risk of low academic performance. These same schools were also more likely 
to have teachers who were uncredentialed or asked to teach outside their field of 
expertise. While science or engineering institutions can help nearby schools provide 
high-quality learning experiences for their students (e.g., with experts from industry 
who visit the classroom, student trips to science centers and aquariums, teacher par-
ticipation in university programs), access to these assets cannot overcome the effects 
of inequitable in-school resources across the breadth of schools, and indeed they can 
reinforce those effects. The development of common and rigorous standards for use 
with all students rests on the assumption that all students are provided with similar 
learning opportunities.

Over the past decade, accountability pressures—generated by the focus on 
student achievement as measured by high-stakes assessments—have heightened 
the curricular emphasis on mathematics and English/language arts and lowered 
attention to (and investment in) science, art, and social studies—especially at the 
elementary school level. In another California study—this one involving elementa-
ry school teachers in nine San Francisco Bay area counties—participants indicated 
that science is the subject area in which they felt the most need of professional 
development [21]. They also reported that they taught science less than one hour 
per week on average across the elementary school grades—with science instruction 
being more prevalent in the upper elementary grades than in the K-2 grade band. 

In schools serving the most academically at-risk students, there is today an 
almost total absence of science in the early elementary grades. This is particularly 
problematic, given the emerging consensus that opportunities for science learning 
and personal identification with science—as exemplified in this framework—are 
long-term developmental processes that need sustained cultivation. In other words, 
the lack of science instruction in early elementary school grades may mean that 
only students with sources of support for science learning outside school are being 
brought into that long-term developmental process; this gap initiates inequalities 
that are difficult to remediate in later schooling. This state of affairs is ironic in 
that students in the early elementary school grades are often deeply attracted to 

❚ Arguably, the most pressing challenge facing U.S. education is to 

provide all students with a fair opportunity to learn. ❚
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topics related to the natural and designed worlds—interests that provide a foun-
dation for learning science [12]. Furthermore, for students with limited language 
skills, the absence of opportunities to engage in science learning deprives them of 
a rich opportunity for language development that goes beyond basic vocabulary.

To help resolve the problems noted above, standards should (a) highlight 
that rigorous learning goals are appropriate for all students and (b) make explicit 
the associated assumptions about instructional time, equipment and materials, and 
teacher knowledge needed for all students to achieve these goals. That information 
would help educators at the state, regional, and district levels make detailed plans 
and allocate resources in order to equalize students’ opportunities to learn science 
and engineering in the ways described in the standards. 

INCLUSIVE SCIENCE INSTRUCTION

Inclusive instructional strategies encompass a range of techniques and approaches 
that build on students’ interests and backgrounds so as to engage them more 
meaningfully and support them in sustained learning. These strategies, which also 
have been shown to promote educational equity in learning science and engineer-
ing, must be attended to as standards are translated into curriculum, instruction, 
and assessment.

As we have discussed throughout this report, the framework reflects the 
fact that students learn science in large part through their active involvement in 
the practices of science. A classroom environment that provides opportunities for 
students to participate in scientific and engineering practices engages them in tasks 
that require social interaction, the use of scientific discourse (that leverages com-
munity discourse when possible), and the application of scientific representations 
and tools. Science and engineering practices can actually serve as productive entry 
points for students from diverse communities—including students from different 
social and linguistic traditions, particularly second-language learners. Tailored 
instructional perspectives and additional approaches, as we outline in the follow-
ing sections, may be needed to engage these and other students in the full range of 
practices described in Chapter 4. 

Approaching Science Learning as a Cultural Accomplishment

All science learning can be understood as a cultural accomplishment. Children and 
adults the world over explore their surroundings and converse about the seem-
ing causes and consequences of the phenomena they observe, but they are raised 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education284

in environments with varied exposures to activities (e.g., fishing, farming, com-
puting) that relate to different science and engineering domains. What counts as 
learning and what types of knowledge are seen as important are closely tied to a 
community’s values and what is useful in that community context [22-25]. 

Science has been described as being “heavily dependent on cultural contexts, 
power relationships, value systems, ideological dogma, and human emotional 
needs” [26]. Although this view is a contested one, seeing science as “a culturally 
mediated way of thinking and knowing suggests that learning can be defined as 
engagement with scientific practices” [27]. When people enter into the practices 
of science or engineering, they do not leave their cultural worldviews at the door. 
Instruction that fails to recognize this reality can adversely affect student engage-
ment in science. Calabrese Barton therefore argues for allowing science and sci-
ence understanding to grow out of lived experiences [28]. In doing so, people 
“remove the binary distinction from doing science or not doing science and being 
in science or being out of science, [thereby allowing] connections between [learn-
ers’] life worlds and science to be made more easily [and] providing space for mul-
tiple voices to be heard and explored” [28]. This view is very powerful when one 
considers how best to engage all youth in the learning of science. Everyday expe-
rience provides a rich base of knowledge and experience to support conceptual 

changes in science. Students bring cultural 
funds of knowledge that can be leveraged, 
combined with other concepts, and trans-
formed into scientific concepts over time.

Everyday contexts and situations that 
are important in children’s lives not only 
influence their repertoires of practice but 
also are likely to support their develop-
ment of complex cognitive skills. This is 
evident in the studies of activities described 
as meaningful by individuals from vari-
ous American cultures [29-36]. Teachers 
pursuing a culturally responsive approach 
to instruction will need to understand the 
sense-making practices of particular com-
munities, the science-related values that 

reside in them, and the historical relationship that exists between the commu-
nity and local institutions of education. Instruction can then be crafted to reflect 
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these cultural particulars and engage students in related disciplinary practices and 
associated learning, often in ways that link to their personal interests as well [12, 
34, 37-39]. As one example, Tzou and Bell [40] describe a curriculum effort that 
redesigned an elementary science kit to focus on the local cultural practices that 
related to the central subject matter in the unit. This involved a shift in students 
inquiring into a range of microworlds to investigations of the microbiology of 
local community health practices [40]. Fifth-grade students helped to photo docu-
ment the everyday connections to the science content and were then supported in 
investigating issues of personal interest. In another case, Luehmann engaged mid-
dle school girls in extended scientific investigations and sense-making on topics of 
their own choosing in an after-school science context [41]. Students were able to 
develop science-linked identities by realizing that science could be meaningfully 
related to circumstances of their own lives, which they could then investigate [41]. 
In many cases, a culturally responsive approach to science instruction involves the 
recognition of community practices and knowledge as being central to the scien-
tific endeavor [42].

Relating Youth Discourses to Scientific Discourses

Many equity-focused interventions have leveraged the discourse (i.e., sense-
making) practices of youth to productively engage them in the language and dis-
course styles of science and in the learning of science. While traditional classroom 
practices have been found to be successful for students whose discourse practices 
at home resemble those at school—mainly students from middle-class and upper-
middle-class European/American homes [43]—this approach does not work very 
well for individuals from historically nondominant groups. For these students, tra-
ditional classroom practices function as a gatekeeper, barring them because their 
community’s sense-making practices may not be acknowledged [38, 44-46].

Recognizing that language and discourse patterns vary across culturally 
diverse groups, researchers point to the importance of accepting, even encourag-
ing, students’ classroom use of informal or native language and familiar modes 
of interaction [47-49]. The research literature contains multiple examples. Lee 
and Fradd [47] noted distinct patterns of discourse (e.g., use of simultaneous 
or sequential speech) around science topics in groups of students from different 
backgrounds. Rosebery, Warren, and Conant [50] identified connections between 
Haitian Creole students’ storytelling skills and their approaches to argumentation 
and science inquiry; they used those connections to support their learning of both 
the content and the practices of science. Hudicourt-Barnes demonstrated how bay 
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odyans—the Haitian argumentative discussion style—could be a great resource for 
students as they practice science and scientific discourse [51]. 

As these studies indicate, diverse linguistic practices for making sense of 
natural phenomena can generate learning and be leveraged in instruction [9, 46, 
50]. Brown has recently extended this line of work by developing an instructional 
model that helps students bridge the transition from using their vernacular lan-
guage for scientific phenomena to using disciplinary terminology and forms of dis-
course; essentially, they describe and discuss the same phenomena in both modes 
in turn [46]. The challenge for teachers is to know enough about their students’ 
relevant linguistic practices to be able to support this transition in the classroom.

A classroom rich in discourse is also a classroom that offers particular chal-
lenges for students still learning English. On the other side of the coin, engagement 
in the discourse and practices of science, built as it is around observations and 
evidence, also offers not only science learning but also a rich language-learning 
opportunity for such students. For both reasons, inclusion in classroom discourse 
and engagement in science practices can be particularly valuable for such students.

Building on Prior Interest and Identity

Research suggests that personal interest is an important factor in children’s 
involvement in learning science [52, 53]. Educational experiences designed to 
leverage the personal interests of learners have been used to increase the participa-
tion of girls in middle school [41], of urban high school youth of color [28], and 
of elementary school children from immigrant families [40]. Tai and colleagues’ 
nationally representative study of factors associated with science career choices 
suggested that an expressed interest in science during early adolescence is a strong 
predictor of science degree attainment [54]. But even though early interest in sci-
ence does not guarantee extended learning in science, early engagement can trig-
ger students’ motivation to explore the broader educational landscape and pursue 
additional experiences that may persist throughout life.

Learning science depends not only on the accumulation of facts and con-
cepts but also on the development of an identity as a competent learner of sci-
ence with motivation and interest to learn more. As Lave and Wenger explain, 
“Learning involves the construction of identities. [It is] an evolving form of mem-
bership” [55]. 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 fol-
low these professional paths. Science learning in school leads to citizens with the 
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confidence, ability, and inclination to continue learning about issues, scientific and 
otherwise, that affect their lives and communities. 

For these reasons, instruction that builds on prior interest and identity is 
likely to be as important as instruction that builds on knowledge alone. All stu-
dents can profit from this approach, but the benefits are particularly salient for 
those who would feel disenfranchised or disconnected from science should instruc-
tion neglect their personal inclinations. 

Leveraging Students’ Cultural Funds of Knowledge

Particular cultural groups frequently develop systematic knowledge of the natu-
ral world through their members’ participation in informal learning experiences, 
which are influenced by the groups’ history and values and the demands of spe-
cific settings [12]. Such culturally influenced ways of approaching nature reflect 
a diversity of perspectives that should be recognized in designing science learning 
experiences. Although some kinds of culturally valued knowledge and practices 
(including spiritual and mystical thought, folk narratives, and various accounts 
of creation) are at odds with science, a growing body of published research, 
briefly described below, shows that some of the knowledge derived from varied 
cultures and contexts provides valid and consistent scientific interpretations. 
This literature includes evidence from cultural psychology, anthropology, and 
education [12]. 

An emerging consensus in education scholarship is that the diverse knowl-
edge and skills that members of different cultural groups bring to formal and 
informal science learning contexts are assets to build on [9, 12]. For example, 
researchers have documented that children reared in rural agricultural communi-
ties, who have regular and often intense interactions with plants and animals, 
develop a more sophisticated understanding of the natural world than do urban 
and suburban children of the same age [56]. Other researchers have identified con-
nections between children’s culturally based stories and the scientific arguments 
they are capable of making [50, 57]. Such research suggests that educators should 
accept, even enlist, diversity as a means of enhancing science learning [58].

❚ 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. ❚
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MAKING DIVERSITY VISIBLE

Prior educational standards in science education [19] have been criticized because 
their well-intentioned equity goals were advanced in general terms and the specific 
circumstances, both historical and contemporary, of various cultural groups were 
not identified, which made them difficult to understand and act on [59]. Nor were 

acknowledgments made of the specific contribu-
tions of members from diverse cultures to scien-
tific and technological enterprises. 

We now know, as discussed in the pre-
vious section, that the pursuit of equity in 
education requires detailed attention to the 
circumstances of specific demographic groups 
[9, 60-62]. When appropriate and relevant to 
the science issue at hand, standards documents 
should explicitly represent the cultural particu-
lars of diverse learning populations throughout 
the text (e.g., in referenced examples, sample 
vignettes, performance expectations). Similarly, 
an effort should be made to include significant 
contributions of women and of people from 
diverse cultures and ethnicities. We acknowledge 

the challenge of creating a set of standards that attempts to represent all salient 
cultural groups, but that should not be an excuse for excluding them all. 

The goal of making diversity visible is also desirable at a more abstract 
theoretical level. Educational standards always embody one or more theoretical 
perspectives on how people learn, how educators should teach, and how equity 
should be pursued—some or all of which may not be made explicit in the stan-
dards’ documents. Such documents in the future should instead be transparent 
about their underlying theoretical perspectives related to diversity, equity, and 
social justice. This will help the reader to understand the salience of these issues 
in the teaching of science and in standards-based efforts to improve science edu-
cation for all students. 

❚ The diverse knowledge and skills that members of different cultural 

groups bring to formal and informal science learning contexts are assets 

to build on. ❚
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VALUE MULTIPLE MODES OF EXPRESSION

How school systems evaluate the learning derived from educational standards—
through high-stakes tests, formative classroom assessments, and informal evalua-
tions of learning during instruction—has a driving influence on educational path-
ways and equity. Exemplary assessment practice recognizes that there are multiple 
ways in which students might express their developing understanding, although 
not all forms of assessment allow for such multiple modes of expression. 

Indeed, an enduring concern is that tests may not accurately gauge what 
students have learned [63]. A core problem is that the tests often do not make use 
of contemporary views of learning and cognition and thereby fail to assess higher 
order skills or conceptual understanding. Another important problem is that 
tests can be culturally biased, especially for some of the most vulnerable popula-
tions. Students whose first language is not English can find it difficult to express 
what they know on assessment instruments written in English. And an extensive 
literature highlights how “stereotype threat” can negatively affect the cognitive 
performance of girls and students from particular demographic groups during 
high-stakes assessments [64]. In order to help ensure educational equity, specific 
strategies need to be employed to guard against such unintended and undesirable 
assessment-based underestimations of student understanding. The representation 
of performance expectations in the standards document provides an opportunity 
to address these issues. 

Such concerns, however, go beyond standards and need to address the condi-
tions under which assessments are given. For example, authentic assessments may 
allow students to edit their rough drafts in much the same way that scientists and 
engineers circulate initial findings to colleagues before submitting a final draft for 
public consumption. But open-ended or extended-response items on high-stakes 
state assessments often demand that students provide what is essentially a “first 
draft” of a performance. For students who need to take more time to express their 
understanding (e.g., if they learned English as their second language), opportuni-
ties to edit or to display their knowledge in less language-embedded tasks would 
help level the playing field. It is worth noting that current efforts in assessment for 
mathematics and language arts are moving in this direction by including embed-
ded performance assessments in curricula and aggregating them with summative 
assessments to create broader assessments of student learning [65]. 

Performance on assessments is affected by context as well as content [6, 64], 
and this can also have cultural roots. For example, work by Deyhle suggests that 
many American Indian communities do not socialize their children to making the 
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public displays of achievement that are required in schools [66]. As Delpit has 
argued, this suggests the importance of making explicit the norms not only of class-
room participation but also of assessment [67]. When defining performance expec-
tations in standards documents to be used for formative and high-stakes assessment, 
standards developers should highlight how students can demonstrate competence 
through multiple means of expression and in multiple contexts.
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The preceding chapters of this report describe the scientific and engineering 
practices, crosscutting concepts, and disciplinary core ideas—taken together, 
the framework—that should be the focus of K-12 science and engineering 

education. In this chapter, we offer guidance for developing standards based on 
that framework. The committee recognizes that several layers of interpretation 
occur between the outline articulated in the framework and actual instruction in 
the classroom, with the first layer being the translation of the framework into a 
set of standards. In this translation, it is important to keep in mind the possibili-
ties and constraints of K-12 science education in the United States and to consider 
how standards can play a role in promoting coherence in science education—an 
element that is critical to ensuring an effective science education for all students, 
as discussed in Chapter 10 on implementation.

The emphasis on coherence includes consistency across standards for dif-
ferent subject areas. Given the large number of states that have adopted the 
Common Core Standards for mathematics and English/language arts, standards 
for K-12 science intended for multistate adoption need to parallel the expectations 
for development of mathematics and English/language arts competency reflected in 
corresponding standards [1].

The framework is designed to support coherence across the science and 
engineering education system by providing a template that incorporates what is 
known about how children learn these subjects. The committee’s choice to orga-
nize the framework around the scientific and engineering practices, crosscutting 
concepts, and disciplinary core ideas is intended to facilitate this coherence. By 
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consistently focusing on these practices, concepts, and ideas and by drawing on 
research to inform how they can be supported through instruction and developed 
over multiple grades, the framework promotes cumulative learning for students, 
coordinated learning experiences across years, more focused preparation and pro-
fessional development for teachers, and more coherent systems of assessment. 

The committee recognizes that simply articulating the critical practices, 
concepts, and core ideas for K-12 science education does not by itself provide 
sufficient guidance for developing standards. In that spirit, the recommendations 
outlined in this chapter are intended to offer more detailed guidance that will help 
ensure fidelity to the framework. These recommendations are based on previous 
research syntheses published by the National Research Council (NRC)—including 
How People Learn [2], Systems for State Science Assessment [3], Taking Science 
to School [4], and Learning Science in Informal Environments [5]—and they draw 
particularly on a list of characteristics for science content standards developed in 
Systems for State Science Assessment [3]. According to that report, science content 
standards should be clear, detailed, and complete; reasonable in scope; rigorously 
and scientifically correct; and based on sound models of student learning. These 
standards should also have a clear conceptual framework, describe performance 
expectations, and identify proficiency levels.

RECOMMENDATIONS

Recommendation 1: Standards should set rigorous learning goals that repre-
sent a common expectation for all students. 

At a time when nearly every aspect of human life is shaped by science and 
engineering, the need for all citizens to understand these fields is greater than 
ever before. Although many reports have identified the urgent need for a stronger 
workforce in science and engineering so that the United States may remain eco-
nomically competitive, the committee thinks that developing a scientifically liter-
ate citizenry is equally urgent. Thus the framework is designed to be a first step 
toward a K-12 science education that will provide all students with experiences in 
science that deepen their understanding and appreciation of scientific knowledge 
and give them the foundation to pursue scientific or engineering careers if they 
so choose. A growing evidence base demonstrates that students across economic, 
social, and other demographic groupings can and do learn science when provided 
with appropriate opportunities [4-7]. These opportunities include learning the req-
uisite literacy and numeracy skills required for science.
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Because the committee proceeded on the assumption that the framework 
and resulting standards identify those practices, crosscutting concepts, and dis-
ciplinary core ideas that are required for all students, some topics covered in 
advanced or specialized courses may not be fully represented. That is, the frame-
work and resulting standards are not intended to represent all possible practices, 
concepts, and ideas covered in the full set of science courses offered through grade 
12 (e.g., Advanced Placement or honors courses; technology courses; computer 
science courses; and social, behavioral, or economic science courses). Rather, the 
framework and standards represent the set of scientific and engineering practices, 
concepts, and ideas that all students should encounter as they move through 
required course sequences in the natural sciences.

Recommendation 2: Standards should be scientifically accurate yet also clear, 
concise, and comprehensible to science educators.

Standards for K-12 science education (a) provide guidance to education pro-
fessionals about the priorities for science education and (b) articulate the learning 
goals that must be pursued in curricula, instruction, and assessments. 

Scientific rigor and accuracy are paramount because standards serve as ref-
erence points for other elements of the system. Thus any errors in the standards 
are likely to be replicated in curricula, instruction, and assessments. Similarly, 
standards should clearly describe the scientific practices in which students will 
engage in classrooms [3]. Clarity is important because curriculum developers, text-
book and materials selection committees, assessment designers, and others need 
to develop a shared understanding of the outcomes their efforts are intended to 
promote [3].

At the same time, standards related to the framework’s concepts, ideas, 
and practices must be described in language that is comprehensible to individu-
als who are not scientists. Even though some of the professionals who play a 
role in interpreting standards do not have deep expertise in science, they nev-
ertheless need to develop ways to support students’ learning in science and to 
determine whether students have met the standards. Standards also provide a 
mechanism for communicating educational priorities to an even broader set 
of stakeholders, including parents, community members, business people, and 
policy leaders at the state and national levels. Thus, although standards need 
to communicate accurately important scientific ideas and practices, they must 
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be written with these broader (nonscience) audiences in mind. Furthermore, the 
broad goals and major intent should be clear to any reader.

Recommendation 3: Standards should be limited in number. 

The framework focuses on a limited set of scientific and engineering practic-
es, crosscutting concepts, and disciplinary core ideas, which were selected by using 
the criteria developed by the framework committee (and outlined in Chapter 2) 
as a filter. We also drew on previous reports, which recommended structuring 
K-12 standards around core ideas as a means of focusing the K-12 science cur-
riculum [3, 4]. These reports’ recommendations emerged from analyses of existing 
national, state, and local standards as well as from a synthesis of current research 
on learning and teaching in science.

Standards developers should adhere to the framework by concentrating on 
the set of practices, concepts, and core ideas described here, although undoubtedly 
there will be pressure from stakeholder groups to expand that set. The above-men-
tioned criteria can be used in determining whether a proposed addition should be 
accepted. An overarching consideration is whether all students need to learn the 
proposed idea or practice and if there would be a significant deficiency in citizens’ 
knowledge if it were not included. Another consideration should be recognition 
of the modest amount of time allotted to science in the K-12 grades. There is a 
limit to what can be attained in such time, and inclusion of additional elements of 
a discipline will always be at the expense of other elements, whether of that disci-
pline or of another.

Recommendation 4: Standards should emphasize all three dimensions articu-
lated in the framework—not only crosscutting concepts and disciplinary core 
ideas but also scientific and engineering practices. 

The committee emphasized scientific and engineering practices for several 
reasons. First, as discussed in Chapter 2, competency in science involves more 
than knowing facts, and students learn key concepts in science more effectively 
when they engage in these practices. Second, there is a body of knowledge 
about science—for example, the nature of evidence, the role of models, the fea-
tures of a sound scientific argument—that is best acquired through engagement 
in these practices. Third, emerging evidence suggests that offering opportunities 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

301Guidance for Standards Developers

for students to engage in scientific and engineering practices increases participa-
tion of underrepresented minorities in science [8-12].

The importance of addressing both knowledge and practice is not unique to 
this framework. In 1993, the Benchmarks for Science Literacy of the American 
Association for the Advancement of Science provided standards for students’ 
engagement in scientific inquiry [13]. In 1996, the National Science Education 
Standards of the NRC emphasized five essential features of scientific inquiry [14]. 
Two more recent NRC reports also recommended that students’ learning experi-
ences in science should provide them with opportunities to engage in specific prac-
tices [4, 5]. The contribution of this framework is the provision of a set of scientif-
ic and engineering practices that are appropriate for K-12 students and moreover 
that reflect the practices routinely used by professional scientists.

Recommendation 5: Standards should include performance expectations that 
integrate the scientific and engineering practices with the crosscutting concepts 
and disciplinary core ideas. These expectations should include criteria for 
identifying successful performance and require that students demonstrate an 
ability to use and apply knowledge. 

Chapter 9 further provides two examples of how performance expectations 
for particular life science and physical science component ideas could be integrat-
ed with core ideas, as well as with concepts and practices, across the grades (see 
Tables 9-1 and 9-2). 

Developing performance expectations is a major task for standards develop-
ers, but it is an effort worth making; performance expectations and criteria for 
successful performance are essential in order for standards to fulfill their role of 
supporting assessment development and setting achievement standards [3]. An 
exhaustive description of every performance level for every standard is unrealistic, 
but at a minimum the performance expectations should describe the major criteria 
of successful performance [3].

Recommendation 6: Standards should incorporate boundary statements. That 
is, for a given core idea at a given grade level, standards developers should 
include guidance not only about what needs to be taught but also about what 
does not need to be taught in order for students to achieve the standard. 
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By delimiting what is included in a given topic in a particular grade band 
or grade level, boundary statements provide insights into the expected cur-
riculum and thus aid in its development by others. Boundary statements should 
not add to the scope of the standards but rather should provide clear guidance 
regarding expectations for students. Such boundaries should be viewed as flex-
ible and subject to modification over time, based on what is learned through 
implementation in the classroom and through research. However, it is important 
to begin with a set of statements that articulate the boundaries envisioned by 
standards developers. 

Boundary statements can signal where material that traditionally has been 
included could instead be trimmed. For example, in the physical sciences, the pro-
gressions indicate that density is not stressed as a property of matter until the 6-8 
grade band; at present, it is often introduced earlier and consumes considerable 
instructional time to little avail. Boundary statements may also help define which 
technical definitions or descriptions could be dispensed with in a particular grade 
band. Thus the boundary statements are a useful mechanism for narrowing the 
material to be covered, even within the core idea topics, in order to provide time 
for more meaningful development of ideas through engagement in practices. In 
other words, being explicit about what should not be taught helps clarify what 
should be taught. 

Recommendation 7: Standards should be organized as sequences that support 
students’ learning over multiple grades. They should take into account how 
students’ command of the practices, concepts, and core ideas becomes more 
sophisticated over time with appropriate instructional experiences. 

As noted in the introduction, the framework is designed to help students 
continually build on and revise their knowledge and abilities, starting from initial 
conceptions about how the world works and their curiosity about what they see 
around them. The framework’s goal is thus to provide students with opportunities 
to learn about the practices, concepts, and core ideas, of science and engineering 
in successively more sophisticated ways over multiple years [4]. This perspective 
should prompt educators to decide how topics ought to be presented at each grade 
level so that they build on prior student learning and support continuing concep-
tual restructuring and refinement. 

There is one overarching set of boundaries or constraints across the progres-
sions for the disciplinary core ideas. Early work in science begins by exploring 
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the visible and tangible macroscopic world. Then the domain of phenomena and 
systems considered is broadened to those that students cannot directly see but that 
still operate at the scales of human experience. Students then move to exploring 
or envisioning things that are too small to see or too large to readily imagine, and 
they are aided by models or specialized tools for measurement and imaging. 

This overarching progression informs the grade band endpoints in the 
framework. Grades K-2 focus on visible phenomena with which students are 
likely to have some experience in their everyday lives or in the classroom. 
Grades 3-5 explore macroscopic phenomena more deeply, including model-
ing processes and systems that are not visible. Grades 6-8 move to microscopic 
phenomena and introduce atoms, molecules, and cells. Grades 9-12 move to 
the subatomic level and to the consideration of complex interactions within and 
among systems at all scales.

Recommendation 8: Whenever possible, the progressions in standards should 
be informed by existing research on learning and teaching. In cases in which 
insufficient research is available to inform a progression or in which there is 
a lack of consensus on the research findings, the progression should be devel-
oped on the basis of a reasoned argument about learning and teaching. The 
sequences described in the framework can be used as guidance. 

Because research on these progressions is relatively recent, there is not a 
robust evidence base about appropriate sequencing for every concept, core idea, 
or practice identified in the framework. When evidence was available, the commit-
tee used it to guide the thinking about the progression in question. When evidence 
was not available, we made judgments based on the best knowledge available, 
as supported by existing documents such as the NAEP 2009 Science Framework 
[15], the College Board Standards for College Success [16], and the AAAS Atlas of 
Science Literacy [17]. There is also a body of research on the intuitive understand-
ing that children bring to school and on how that intuitive knowledge influences 
their learning of science [4]; this evidence base should be considered when devel-
oping standards. 

Each progression described in the framework represents a particular vision 
of one possible pathway by which students could come to understand a specific 
core idea. The committee recognizes that there are many possible alternate paths 
and also that there are interplays among the ideas that here are subdivided into 
disciplines and component ideas within a discipline. In any case, progressions 
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developed in the standards should be based on the available research on learning, 
an understanding of what is appropriate for students at a particular grade band 
based on research and on educators’ professional experience, and logical infer-
ences about how learning might occur. 

Recommendation 9: The committee recommends that the diverse needs of stu-
dents and of states be met by developing grade band standards as an overarch-
ing common set for adoption by multiple states. For those states that prefer 
or require grade-by-grade standards, a suggested elaboration on grade band 
standards could be provided as an example. 

Given the incomplete nature of the evidence base, the committee could 
not specify grade-by-grade steps in the progressions. Indeed, for some ideas 
it was difficult just to develop research-based progressions at the grade band 
level; in those cases, we relied on expert judgment and previous standards docu-
ments. And even if grade-by-grade standards were feasible, research has shown 
that, within a particular grade, different students are often at different levels of 
achievement; thus expectations that every student will reach understanding of a 
core idea by the end of that grade may not be warranted. Across a grade band, 
however, students can continue to build on and develop core ideas over multiple 
school years; by the end of the grade band, they are more likely to have reached 
the levels of understanding intended.

In the committee’s judgment, grade band standards are also more appropri-
ate than grade-by-grade ones for systemic reasons, particularly for standards that 
may be adopted and implemented in numerous states. Because schools across the 
country vary both in their degree of organization, in their human and physical 
resources, and in the topics they have traditionally included at various grades, a 
national-level document’s universal and homogeneous prescription for grade-by-
grade standards may be too difficult for the schools in some states to meet, and 
it would perhaps be inappropriate for those localities to begin with. By contrast, 
specification by grade bands gives curriculum developers, states, districts, schools, 
and teachers the professional autonomy to ensure that content can be taught in a 
manner appropriate to the local context. This autonomy includes choosing from 
various possible strategies for course sequences and course organization at the 
middle and high school levels. 

However, because it is recognized that many states require grade-by-grade 
standards for K-8 and course standards at the high school level, an example set 
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of such standards may need to be provided. The intent of this recommendation is 
that states or districts wishing to offer alternative course sequences and organiza-
tion at the high school level or alternative within grade band organization of con-
tent at the K-8 level can adopt the grade band standards.

This recommendation should not be interpreted as suggesting that students 
in some areas need not or cannot learn particular topics until later grade levels, 
but rather that the transition to a single common set of grade-by-grade standards 
is perhaps more onerous for schools and districts in term of curriculum materials, 
equipment, and teacher professional development needs than a transition to the 
somewhat more flexible definition of sequence given by grade band standards.

Recommendation 10: If grade-by-grade standards are written based on the 
grade band descriptions provided in the framework, these standards should be 
designed to provide a coherent progression within each grade band.

The content described in the framework is designed to be distributed over 
each grade band in a manner that builds on previous learning and is not repetitive. 
If standards developers choose to create grade-by-grade standards, it is necessary 
that these standards provide clear articulation of the content across grades within 
a band and attend to the progression of science learning from grade to grade with-
in the band. At the middle and high school levels, course standards and suggested 
course sequences may be more appropriate than grade-level standards.

Recommendation 11: Any assumptions about the resources, time, and teach-
er expertise needed for students to achieve particular standards should be 
made explicit.

In designing the framework, the committee tried to set goals for science edu-
cation that would not only improve its quality but also be attainable under cur-
rent resources and other constraints. In addition, the committee intended for the 
framework’s goals to act as levers for much-needed improvement in how schools 
are able to deliver high-quality science education to all students. For example, in 
order to meet the goals for science education in the elementary grades, more time 
may need to be devoted to science than is currently allocated. The committee rec-
ognizes as well that new curricula aligned to the framework will need to be devel-
oped and that professional development for teachers will need to be updated. 
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Standards developers should be cautious about limiting the rigor of stan-
dards in response to perceptions about the system’s constraints. Research clearly 
demonstrates that all students have the capacity to learn science when motivated 
to do so and provided with adequate opportunities to acquire the requisite literacy 
and numeracy skills [4, 5]. Thus standards should catalyze change in the system 
when necessary, motivating states, school districts, and schools to ensure that all 
students have access to rich learning experiences.

Recommendation 12: The standards for the sciences and engineering should 
align coherently with those for other K-12 subjects. Alignment with the 
Common Core Standards in mathematics and English/language arts is espe-
cially important.

As noted earlier, achieving coherence within the system is critical for ensur-
ing an effective science education for all students. An important aspect of coher-
ence is continuity across different subjects within a grade or grade band. By this 
we mean “sensible connections and coordination [among] the topics that students 
study in each subject within a grade and as they advance through the grades” [3, 
p. 298]. The underlying argument is that coherence across subject areas contrib-
utes to increased student learning because it provides opportunities for reinforce-
ment and additional uses of practices in each area. 

For example, students’ writing and reading, particularly nonfiction, can 
cut across science and literacy learning. Uses of mathematical concepts and tools 
are critical to scientific progress and understanding. Examples from history of 
how scientists developed and argued about evidence for different scientific theo-
ries could support students’ understanding of how their own classroom scientific 
practices play a role in validating knowledge. Similarly, there should be coherence 
between science and social studies (as these terms are currently used in schools). 
Applications of natural sciences and engineering to address important global 
issues—such as climate change, the production and distribution of food, the 
supply of water, and population growth—require knowledge from the social sci-
ences about social systems, cultures, and economics; societal decisions about the 
advancement of science also require a knowledge of ethics. Basically, a coherent 
set of science standards will not be sufficient to prepare citizens for the 21st cen-
tury unless there is also coherence across all subject areas of the K-12 curriculum.

Greater coherence may also enhance students’ motivation because their 
development of competence is better supported. And it could increase teacher 
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effectiveness across subjects, as teachers could be mutually supportive of one 
another in weaving connections across the curriculum [3]. All in all, better align-
ment across the standards in the different subjects would contribute to the devel-
opment of the knowledge and skills that students need in order to make progress 
in each of their subjects. 

Recommendation 13: In designing standards and performance expectations, 
issues related to diversity and equity need to be taken into account. In particu-
lar, performance expectations should provide students with multiple ways of 
demonstrating competence in science.

As discussed in Chapter 11, the committee is convinced that, given appropri-
ate opportunities to learn and sufficient motivation, students from all backgrounds 
can become competent in science. It is equally important that all students be pro-
vided with opportunities to demonstrate their competence in ways that do not 
create unnecessary barriers. Standards should promote broadening participation in 
science and engineering by focusing the education system on inclusive and mean-
ingful learning as well as on assessment experiences that maintain high academic 
expectations for all students.

Previous standards for K-12 science education have been criticized for 
obscuring the educational histories and circumstances of specific cultural groups 
[18]. Diversity should be made visible in the new standards in ways that might, 
for example, involve (a) presenting some performance tasks in the context of 
historical scientific accomplishments, which include a broad variety of cultural 
examples and do not focus exclusively on scientific discoveries made by scientists 
in a limited set of countries; (b) addressing the educational issues encountered by 
English language learners when defining performance expectations; (c) attending 
to the funds of knowledge that specific communities possess with regard to spe-
cific core ideas and practices (e.g., knowledge of ecosystem dynamics in Native 
American communities, knowledge of living organisms in agricultural communi-
ties) and with regard to performance expectations; (d) drawing on examples that 
are not dominated by the interests of one gender, race, or culture; (e) ensuring that 
students with particular learning disabilities are not excluded from appropriate 
science learning; and (f) providing examples of performance tasks appropriate to 
the special needs of such students.

The variety of issues raised by the above list illustrates the challenges of 
providing learning opportunities and assessments that support all students in their 
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development of competence and confidence as science learners. To ensure equity 
in a diverse student population, these challenges must be directly addressed not 
only by teachers in the classroom but also in the design and implementation of the 
standards, the curricula that fulfill them, the assessment system that evaluates stu-
dent progress, and the accompanying research on learning and teaching in science.
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Throughout this report, the committee has acknowledged that the evidence 
base on which the framework rests is incomplete. In this final chapter, we 
lay out aspects of a research and development (R&D) agenda we think is 

needed to provide evidence-based guidance for future revisions to K-12 science 
education standards, which we expect will occur within the next 10-15 years. 
Three factors that have served to stimulate the current attempt are likely to be 
involved in the future effort: (1) changes in scientific knowledge and priorities; 
(2) changes in the understanding of science learning and teaching across the K-12 
spectrum; and (3) changes in the understanding of how a given set of standards 
is interpreted, taken up, and used by a variety of players to influence K-12 educa-
tional practice and policy. 

Given these factors, the R&D agenda proposed here is focused on the lat-
ter two areas, that is, on (1) enhancing understanding of how students learn 
the core ideas and practices of science and how best to support that learning 
through instruction and (2) developing a better understanding of how national- 
and state-level standards are translated and implemented throughout the K-12 
science education system and how they eventually change classroom practice 
and affect student learning. It also addresses three additional elements related to 
understanding how standards are translated throughout the system: (1) research 
on K-12 teachers’ knowledge of science and science practices and their teach-
ing practices; (2) research on effective professional development for support-
ing teachers’ understanding and uses of the standards; and (3) research on the 
resulting curricula, curriculum materials and technology-based tools, instruc-

LOOKING TOWARD THE FUTURE
Research and Development to Inform K-12 Science 
Education Standards

13



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education312

tional approaches, and assessments. In addition, investments in the development 
of the associated curricula and curriculum support materials and technologies, 
professional development programs, and assessments must be ongoing, first to 
provide initial versions and then to improve them based on research results.

In each section below, we describe these broad issues for R&D. Finally, rec-
ognizing the importance of equity and diversity, we have woven questions related 
to these issues throughout both major sections of the chapter.

RESEARCH TO INFORM IMPLEMENTATION AND FUTURE REVISIONS OF THE 
FRAMEWORK

In the following subsections, we lay out a plan for programs of research to exam-
ine key elements of science learning and teaching that should serve to influence 
the future development of science education standards and implementation of 
the framework. To do so, we draw heavily from the prior National Research 
Council (NRC) report Learning and Instruction: A SERP Research Agenda, which 
described a framework for research and development on learning and instruction 
in the areas of mathematics, literacy, and science [1]. 

The research plan we develop here is centrally concerned with issues of 
teacher practice and curricular resources. The reason is that any set of standards is 
about expectations for students’ knowledge and proficiency, which are necessarily 
mediated by (1) the knowledge, wisdom, and practices of teachers; (2) the tools 
provided to assist them in accomplishing their work; and (3) the contexts that 
support the intellectual efforts of both teachers and students. 

Core Questions Behind an R&D Agenda on Learning and Teaching

The Learning and Instruction report laid out a set of core questions that focus 
on the normal course of development and learning, as well as on diagnosing and 
responding to students’ problems in mastering new concepts and acquiring new 
knowledge and practices [1]. These questions, which provide a schema for exam-
ining teaching and learning, highlight the aspects of teachers’ knowledge that must 
be supported through preservice experience and professional development. They 
are as follows: 

1.  What are the typical preconceptions that students hold about the prac-
tices, crosscutting concepts, and core ideas at the outset? 
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2.  What is the expected progression of understanding, and what are the 
predictable points of difficulty that must be overcome? 

3.  What instructional interventions (e.g., curriculum materials, teaching 
practices, simulations or other technology tools, instructional activities) 
can move students along a path from their initial understanding to the 
desired outcome? 

4.  What general and discipline-specific norms and instructional practices 
best engage and support student learning?

5.  How can students of both genders and of all cultural backgrounds, lan-
guages, and abilities become engaged in the instructional activities need-
ed to move toward more sophisticated understanding? 

6.  How can the individual student’s understanding and progress be 
monitored?

The paragraphs below summarize the committee’s research recommenda-
tions corresponding to each of the above questions:

Questions 1 and 2. Insights into typical student preconceptions of a topic 
and the expected progression of student understanding require careful research 
on the typical trajectories of learning. This research aims (a) to identify how the 
nature and limits of children’s cognitive abilities change with age and instruction 
and (b) to uncover common preconceptions that either support learning (e.g., 
the ability to halve or double relatively easily in mathematics) or undermine it 
(e.g., the belief that temperature measures the amount of heat present). Past find-
ings have suggested that students’ preconceptions are resilient, even after specific 
instruction to the contrary. That resilience highlights the importance of a carefully 
designed research program to inform and support teaching to achieve conceptual 
change from naive preconceptions toward a more sophisticated scientific under-
standing of a topic. Although research of this sort is often the domain of cognitive 
scientists and education researchers, their efforts can be enriched by the participa-
tion of experienced teachers and by detailed study of exemplary practice.

Question 3. Educational experiences intended to move students along a learn-
ing path constitute the core of what we consider to be “instruction.” The work of 
curriculum developers, teachers, and researchers helps to enable these experiences, 
which may involve specific structured sequences of investigations or the use of 
simulations, or they may take place across individual units or longer segments of 
instruction. Regardless of the source, how each of these experiences contributes to 
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students’ development of more sophisticated understanding of crosscutting concepts, 
disciplinary core ideas, and scientific and engineering practices—and therefore to 
conceptual change—constitutes an important research agenda. Furthermore, the 
effectiveness of the instructional approach used—and for what groups of students it 
is effective—is a matter for empirical testing. 

Question 4. General and discipline-specific norms and instructional practices 
define the expectations for students’ and teachers’ interactions in the classroom. 
“Classroom learning communities” and how they develop to support effective 
learning are currently a subject of considerable research in science education. 
Every such community is distinguished by norms for work and interactions, rang-

ing from when and how people 
collaborate to how they speak with 
one another. Some of those norms 
are general, rooted in the under-
standing of schools in a demo-
cratic society; others are discipline 
specific—that is, what it means 
to do mathematics differs from 
what it means to do chemistry or 
history. In all cases, the relation-
ships between particular classroom 
norms and learning outcomes of 
interest for particular groups of 
students—for example, distin-

guished by ethnicity or gender—are a matter for empirical investigation. Another 
example is that the framework includes a number of discourse practices among 
the science practices; because such discourses are relatively rare in science class-
rooms at present, research that focuses on how teachers and students develop the 
related norms for them will be needed.

Question 5. Assessing students’ engagement in instructional activities 
requires research on how young people of different backgrounds, cultures, races, 
genders, abilities, and languages can enter and become full participants in the sci-
entific classroom community. Such research is especially needed if the framework’s 
expectation that all students will have opportunities for accomplished scientific 
and engineering learning is to succeed. How best to develop and sustain students’ 
interest in science is an important part of research in this area.
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Question 6. Assessing an individual student’s understanding is the task of 
research and development on methods and systems of assessment. This knowledge 
base can quite naturally be developed and tested in the context of curriculum 
R&D, but it may also draw on more fundamental research—for example, on the 
nature and measurement of text comprehension.

Key Areas of Research 

Learning Progressions

In the context of the framework, an especially important line of inquiry should 
involve learning progressions that embed the core ideas and practices spelled out 
in this document. Such research may focus on a particular core idea and ask what 
sequence of learning experiences, including engagement in practices, around that 
idea best advance student understanding and address common misconceptions. 
Research should also focus on whether other ideas and practices, if found across 
multiple science topic learning progressions, ought to be specified as well. Such 
work would be pertinent to Questions 1-6 above, as it would, of necessity, include 
research on instructional approaches, sequences of curriculum, and students’ prog-
ress using those approaches and curricula. 

There now exists a set of R&D examples that include progressions for 
some of the life, physical, and earth sciences core ideas described in the current 
framework [2]. These examples also include student outcomes and instructional 
activities that connect very directly to elements of the practices described in the 
framework. Such work might be seen as constituting a set of downstream cases 
in which further investment in implementation and testing might prove very valu-
able, especially in terms of validating the hypothesized progressions and determin-
ing efficacy and effectiveness. Much of this work currently falls under the heading 
of design-based research, and with further investment it might be ready to travel 
farther via initial efficacy trials, which in turn move into large-scale replication, 
perhaps with randomized trials. 

It is worth noting that, because R&D on learning progressions in science is 
at an early stage, many aspects of the core ideas and their progressions over time 
with instruction (as sketched out in the framework) remain unexplored territory. 
The work needed would probably start with design experiments situated in class-
rooms that explore (a) how to specify the knowledge to be acquired by students at 
particular grade bands and (b) what instructional approaches might best support 
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the proposed progressions. One interesting challenge in such work is that the vast 
majority of what is known about the development of understanding across the full 
K-12 grade span is based on cross-sectional designs; available longitudinal work is 
of limited duration, given the sheer challenges of cost and practical management 
associated with instructional research of long duration. Thus very little is known 
about what can develop in later grades on the basis of successful implementation 
of solid learning progressions for a concept in the earlier grades [3].

Work on learning progressions will also need to explore how literacy, lan-
guage skills, and mathematics intersect with learning in science across multiple 
years of school. This research is important for understanding how the practices 
develop over time and how learning experiences in other subjects might leverage 
or be leveraged by learning in science.

Scientific and Engineering Practices

Another key aspect of the current framework is its emphasis on scientific and engi-
neering practices and their integration with the core concepts. Although research 
has been done on how well students are able to engage in aspects of some of the 
practices and how engagement in particular practices supports the development 
of both specific ideas in science and understanding of the nature of science, this 
work is fragmented. It does not yet provide insight into how students’ proficiency 
with these practices can develop over multiple years, nor how the full set of prac-
tices interacts with understanding of the core ideas and crosscutting concepts. For 
example, people need to know a great deal more about the levels of sophistication 
in these practices that are possible as students move from the early grade bands to 
the later ones. In particular, the proficiencies that they can achieve and the types 
of instructional materials and methods that can support that learning should be 
explored. People also need to learn which scientific and engineering practices are 
likely to pose significant challenges in terms of teacher knowledge with regard 
both to content and pedagogy. 

Development of Curricular and Instructional Materials

As discussed in Chapter 11, the framework and its resulting standards have a 
number of implications for implementation, one of which involves the need for 
curricular and instructional materials that embody all three dimensions: scientific 
and engineering practices, crosscutting concepts, and disciplinary core ideas. Some 
existing materials will be highly compatible with aspects of the framework, others 
will present implementation issues that bear further study, and there will also be 
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a need to develop and test new materials and technological tools for learning that 
work across grades and are aligned with the framework’s key ideas. In the case 
of new materials, studies of students and teachers will be needed as they inter-
act with them over the short term (units) and long term (learning progressions). 
Furthermore, new ways of using technology in learning and teaching science and 
engineering (e.g., capturing data, analyzing and visualizing data, building models) 
will continue to change what children can learn and be able to do at particular 
grade bands [4] and provide new ways of assessing their learning. Thus, research 
on learning must include research on how technology can be used to support and 
enhance learning of specific topics. 

R&D will also be needed on the intersections of science as described in the 
framework with literacy and mathematics and the implications for curriculum and 
instruction. This should include how science curriculum can be designed to best 
articulate with curriculum in English/language arts and mathematics. 

Assessment

Assessment of the outcomes of learning and instruction—what students know 
and are able to do—merits special attention in R&D on science education. The 
high-quality evidence that derives from careful assessment allows practitioners, 
researchers, and policy makers to explore critical questions about the student’s 
knowledge or a program’s effectiveness and its possible need for revision 

Designing Assessments. The first requirement for developing quality assessments 
is that the concepts and skills that signal progress toward mastery of a subject be 
understood and specified. In various areas of the curriculum, such as early read-
ing, early mathematics, and high school physics, substantial work has already 
been done in this regard. In some cases, researchers have capitalized on such 
knowledge to develop the elements of an assessment strategy, although that work 
has generally concentrated on the development of materials for formative assess-
ment [5-7]. But, in general, people have yet to fully capitalize on research and the-
ory to develop valid assessment tools for other aspects of elementary and middle 
school science. 

To design and implement assessments that are fair—that is, valid across dif-
ferent groups of students—it is crucial that patterns of learning for different student 
populations be studied. But much of the research on current theories of developing 
knowledge has been conducted with restricted groups of students (mostly middle-
class whites). In many cases, it is not clear whether these theories apply equally 
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well to diverse populations of students, including those who have been poorly 
served in the science and engineering education system—females, underrepresented 
minorities, English language learners, and students with disabilities. 

Although there are typical learning pathways, often there is not a single 
pathway to competence. Furthermore, students will not necessarily respond in 
similar ways to assessment probes designed to diagnose knowledge and under-
standing. These kinds of natural variations among individuals need to be better 
understood through empirical study and incorporated into the cognitive models of 
learning that serve as a basis for assessment design.

Sophisticated models of learning do not by themselves produce high-quali-
ty assessment information. Also needed are methods and tools both for eliciting 
appropriate and relevant data from students and for interpreting the data col-
lected about their performance. As described elsewhere [8], current measurement 
methods enable a much broader range of inferences to be drawn about student 
competence than many people realize. In particular, it is now possible to charac-
terize student achievement in terms of multiple aspects of proficiency rather than 
in a single score; to chart students’ progress over time instead of simply measur-
ing performance at a particular point; to deal with multiple paths or alternative 
methods of valued performance; to model, monitor, and improve judgments 

based on informed evaluations; 
and to evaluate performance not 
only at the level of students but 
also at the levels of groups, class-
es, schools, and states. 

However, further research is 
needed to (a) investigate the limits 
and relative usefulness of existing 
statistical models for capturing 
critical aspects of learning; (b) 
develop tools that make it easier 
for those who have professional 
interest but do not have the full 
range of psychometric expertise to 
apply new measurement approaches; 

and (c) develop cost-effective tools that allow education professionals, including 
teachers and policy makers, to use the results of these approaches. 
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Uses of Assessments. Important issues about assessment use also need to be pur-
sued. Researchers should explore (a) how new forms of assessment can be made 
both accessible to teachers and practical for use in classrooms; (b) how assessments 
can be made efficient for use in large-scale testing contexts; (c) how assessments 
can be designed so that all students have equal opportunities to demonstrate their 
competencies; (d) how information from classroom-level assessments and large-scale 
assessments can be combined reliably for use in addressing educational problems; 
and (e) how various new forms of assessment affect student learning, teacher prac-
tice, and educational decision making [9]. 

It is particularly important that such work be done in close collaboration 
with practicing teachers who have diverse backgrounds and varying levels of 
teaching experience. Also to be studied are ways in which school structures (e.g., 
class time, class size, mechanisms for teachers to work together) affect the feasibil-
ity of new assessment types and their effectiveness.

Supporting Teachers’ Learning

The research base on science teacher learning has been growing [10], often cen-
tered on Shulman’s [11] framework of teacher knowledge [12]. For example, it is 
now known that preservice elementary school teachers have some of the same pre-
conceptions of scientific concepts as their students [13] and that even experienced 
teachers have difficulty acquiring the kinds of science knowledge and teaching 
practices that support students’ learning [14]. 

Preservice secondary school science teachers sometimes encounter problems 
with the conceptual content [15, 16] and in implementing aspects of scientific 
discourses and practices [17]. Similarly, these teachers often have an incomplete 
understanding of the nature of scientific evidence [18], and their knowledge about 
students’ conceptions may be limited [19]. 

Thus continued research is needed to better understand the possible longi-
tudinal trajectories that K-12 teachers may take in becoming knowledgeable and 
accomplished science teachers. 

As noted in Learning and Instruction [1], the questions that frame student 
learning apply just as aptly to teacher learning. Teachers should understand stu-
dents’ naive ideas and learning processes well enough to assess and guide them, 
and they should understand the crosscutting concepts, disciplinary core ideas, and 
scientific and engineering practices well enough to select appropriate instructional 
materials and strategies and apply them effectively. Teachers should use assess-
ments to plan for, revise, and adapt instruction; to evaluate teaching and learning; 
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to guide the pace and direction of instruction; and to select tasks, representations, 
and materials that engage students’ interests and provide learning opportunities. 

Teachers’ knowledge of these things allows them to respond to students’ 
questions and ideas, to probe and correct anomalies in classroom investigations, to 
understand the curriculum materials well enough to use or revise them flexibly as 
a means to an end rather than as ends in themselves, to apply norms and practices 
with sufficient skill to create a supportive and challenging learning environment in 
the classroom, and to comprehend the content and purposes of assessments with 
enough depth to interpret the outcomes and respond appropriately. 

The typical learning trajectory for teachers and how it changes with learning 
opportunities also require empirical investigation. Questions for inquiry include: 
Under what conditions and in what contexts can teachers best learn particular sci-
entific and engineering practices, crosscutting concepts, and disciplinary core ideas 
during their teacher preparation and with ongoing professional development? 
What knowledge and methods are most important for teachers to acquire at the 
beginning of their careers? What knowledge and methods are better acquired once 
they enter the profession? What organizational, material, and human resources are 
necessary to support and sustain teacher learning over time? 

UNDERSTANDING THE IMPACT OF THE FRAMEWORK AND RELATED-STANDARDS

The R&D agenda for understanding the influence of standards is based heavily 
on the NRC report Investigating the Influence of Standards: A Framework for 
Research in Mathematics, Science, and Technology Education [20] and on a chap-
ter in The Impact of State and National Standards on K-12 Science Teaching [21], 
which draws on the NRC report. Although much has changed since these reports 
were released, including substantial shifts in state and federal education policies, 
the analysis of the education systems and how standards may influence them is a 
valuable starting point. 

In the subsections that follow, we focus on four components through which 
the framework and its resulting standards might ultimately influence student 
learning. These parallel components are also discussed in Chapter 10, which 
addresses implementation. The purpose of the research on implementation is both 
to determine whether the framework and standards are being implemented and, 
more importantly, to identify barriers to implementation and ways to overcome 
these barriers. 
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Curriculum and Instructional Materials

The framework intentionally does not prescribe a specific curriculum, but it does 
imply criteria for designing a curriculum and selecting instructional materials. If 
the framework were to influence what is taught to students, then curriculum pol-
icy, the design and development of instructional materials, including technology-
based materials and tools, and the processes and criteria by which such materials 
were developed, selected, and implemented in classrooms would reflect the frame-
work’s practices, crosscutting concepts, and disciplinary core ideas. 

Enrollment and achievement patterns in schools would reveal whether the 
vision expressed by the framework applied to all students. For example, if the 
framework were permeating the system, opportunities for taking challenging 
science courses would be open to every student, and resources needed to imple-
ment a robust standards-based curriculum would be allocated in equitable ways. 
Resources designed to accommodate diverse learners, including those learning 
English as a second language, would support the focus of the standards on all 
students having access to opportunities to learn important science and engineering 
concepts and practices.

Key questions related to tracing the influence of the framework and stan-
dards on the curriculum include

 

•	 What curriculum development efforts have been undertaken to provide 
materials that are well aligned to the framework and new standards? Who 
was engaged in these efforts? Were any incentives used to encourage these 
development efforts, and which of them were most effective?

•	 How do the new curricula differ from those used in the past, and are teach-
ers prepared to address these differences?

•	 How has the funding from various federal and state agencies been allocated 
for curriculum development efforts that are aligned with the framework and 
standards? 

•	 Is technology to support science learning being marshaled and used effective-
ly to develop technology-based curriculum support materials and tools (e.g., 
simulations, data access)? [4, 22]

•	 What has been learned about the effectiveness of the new curriculum with 
various populations and under different implementation conditions?
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Teacher and Administrator Development

As noted in Chapter 10 on implementation, the education system provides chan-
nels through which the framework might influence how teachers learn to teach 
science (and continue to improve their science teaching) and how school and dis-
trict administrators offer instructional leadership in science education. 

If the framework were to influence the preparation of new teachers, there 
would be an increased alignment of related policies and practices with those of the 
framework. States, districts, and postsecondary institutions, including lateral entry 
programs, would create mechanisms that enable prospective teachers to gain the 
knowledge and practices needed to help students meet the expectations outlined in 
the framework. Teacher preparation programs would prepare prospective teachers 
to teach in diverse classrooms, and the distribution across schools of teachers with 
the knowledge and practices for implementing effective science and engineering 
education would be such that all learners would have access to high-quality learn-
ing opportunities. 

Policies and fiscal investments at the local, state, and federal levels would 
focus on recertification criteria, professional development opportunities, and 
system-wide support strategies aligned with the framework. States and localities 
would provide a rich framework-based infrastructure to support science and engi-
neering teaching. Teachers would be motivated to enhance their understanding of 
core concepts and practices described in the framework, and recertification criteria 
and teacher evaluations would focus on evidence that verified teachers’ knowl-
edge, understanding, and practices were consistent with the framework.

Key questions related to tracing the influence of the framework and stan-
dards on teacher and administrator development include

 

•	 How have teacher educators used the framework and standards to improve 
their science teacher preparation programs? What changes have occurred in 
the science courses taken by preservice teachers? How widespread are these 
changes, and what policies or incentives were in place in those colleges or 
universities that successfully redesigned their programs?

•	 What professional development projects or programs have been enacted to 
support teachers in implementing instruction that is well matched to the 
framework and standards? Who was engaged in these efforts? With what 
results? What strategies or program structures are most successful, and what 
kinds of incentives or policies lead to teacher participation?
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•	 	What changes in teacher certification systems have been enacted to ensure 
that all students learn science from teachers who are well prepared to teach 
it? Who was responsible for such changes?

•	 	What steps have been taken to ensure 
a more equitable distribution of quali-
fied teachers so as to give all students 
access to learning opportunities consis-
tent with the framework?

•	 	What changes in administrator certi-
fication systems have been enacted to 
ensure that new administrators under-
stand and can use the framework and 
standards in making decisions about 
science standards, the selection of sci-
ence curricula, the design of profes-
sional development programs to sup-
port teachers, and the evaluation of 
teachers’ and students’ progress?

•	 What kinds of professional development programs have been offered to the 
administrators themselves so that their understanding, interpretation, and 
uses of the framework and standards support their decision making?

Assessment and Accountability

Consideration of assessment involves a careful study of how it interacts with 
accountability; how teachers conduct and use classroom and state assessments; 
how assessment influences teacher practices; and how it is used by schools, states, 
and districts. Key questions related to tracing the influence of the framework and 
standards on the assessment and accountability systems include

 

•	 What have assessment designers done in response to the framework and its 
resulting standards?

•	 Does the full complement of local and state assessments used for account-
ability cover all of the standards?

•	 What advances in assessment methodology have been pursued to ensure 
that assessments reflect the full range and intent of the framework and stan-
dards? Who was engaged in developing these advances?
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•	 How can assessments be developed that are fair, both for different demo-
graphic groups and for students with disabilities? Have examples of these 
kinds of assessments for the practices, concepts, and core ideas in the frame-
work been developed and implemented?

Organizational Issues

Institutional barriers can hamper widespread adoption of framework-based cur-
ricula and related approaches to instruction. These barriers include incentive 
structures, organizational culture, career patterns of teachers and administrators, 
and financial constraints [23]. This piece of the R&D agenda, which entails both 
short-term and long-term elements, necessitates uncovering obstacles to system 
reform and exploring innovative ways to overcome these obstacles. In other 
words, as emphasized in Chapter 11, the components of the system for science 
education must be coherent, and all of the players must be actively participating. 
Key questions include

•	 What is the process by which the framework is used to craft state-level sci-
ence standards? Who is involved? How were they chosen?

•	 How does the capacity of the state and districts to fund education affect the 
writing of the standards and the development of assessments?

•	 What is the adoption process for the state science education standards? Is it 
voluntary or mandatory? What kinds of incentives or support are provided 
to districts to facilitate this adoption? 

•	 To what extent does the state department of education provide funding for 
adopting new framework-aligned science curricula and professional develop-
ment programs for teachers and administrators?

•	 What kinds of framework-related professional development are provided for 
state- and district-level science supervisors, superintendents, school boards, 
and other important policy makers (such as state legislators)? With what 
results?

•	 Are resources for science learning and qualified teachers equitably distribut-
ed across schools and districts of varying socioeconomic levels and differing 
populations? What efforts have been made to improve equity of opportunity 
to learn science?
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CONCLUSION

In this final chapter, we have described the kinds of research that are needed 
so that, when the time comes to revise standards for K-12 science education, 
evidence-based decisions can be made about how to improve them. There is a 
need for ongoing research on science teaching and learning, and particularly on 
learning progressions for the core ideas detailed here. In addition there is need 
for research on the impacts and implementation of the next generation of stan-
dards, and of this framework, to identify both barriers and effective strategies. 
Such research needs to consider three levels—system, school, and classroom—in 
order to effectively inform future decisions about standards. Research on school-
level factors—such as professional development targeted at administrators’ and 
teachers’ knowledge and practices, the design and testing of learning progressions 
across the framework’s three dimensions—would support choices about where to 
place particular scientific and engineering practices, crosscutting concepts, and dis-
ciplinary core ideas in future K-12 science standards. 

Perhaps most important, research is needed on classroom-level contexts, 
materials, and discourses that engage and support a wider range of students in 
high-quality teaching and learning experiences with the concepts, ideas, and prac-
tices. Action on this wide-ranging multilevel agenda would make it possible to 
advance the framework’s vision and continue to improve access for all.
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The committee recognized early in the process that obtaining feedback from 
a broad range of stakeholders and experts would be crucial to the frame-
work’s success. For this reason, we secured permission from the National 

Research Council (NRC) to release a draft version of the framework for public 
comment. The draft underwent an expedited NRC review in early July 2010 and 
was posted online on July 12 for a 3-week period. 

This draft did not include all of the chapters intended for the final volume, 
although it did thoroughly address all three dimensions of the framework: cross-
cutting concepts, disciplinary core ideas, and scientific and engineering practices. 
Individuals could submit comments through an online survey. In addition, NRC 
staff contacted over 40 organizations in science, engineering, and education to 
notify them of the public comment period; they were asked to hold focus groups 
for gathering feedback from their members or to notify members of the oppor-
tunity to comment online. Notably, the NRC worked closely with the National 
Science Teachers Association, the American Association for the Advancement of 
Science, Achieve, Inc., and the Council of State Science Supervisors to facilitate the 
public input process. Finally, the committee asked a number of disciplinary experts 
to provide detailed feedback on the draft from their own particular perspectives.

During the 3-week public comment period, the committee received exten-
sive input from both individuals and groups. Overall, more than 2,000 people 
responded to the online survey. Over 30 focus groups were held around the coun-
try by 24 organizations, with a total of over 400 participants. The committee also 
received letters from key individuals and organizations. Lists of the organizations 

SUMMARY OF PUBLIC FEEDBACK AND 
SUBSEQUENT REVISIONS

A
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that participated in the focus groups and those that submitted letters are provided 
at the end of this summary. 

NRC staff and the committee chair reviewed this input, developed summa-
ries identifying the major issues raised, and outlined possible revisions. Committee 
members then evaluated these summaries and potential revisions, and they had the 
opportunity to examine the public feedback in detail. After discussions at its fifth 
and sixth meetings, the committee made substantial revisions to the framework 
based on the feedback. 

We summarize this feedback below and describe the revisions that were 
made in response. In cases in which the committee chose not to revise or to make 
only a limited revision, we explain why this choice was made. We organize the 
discussion into two sections: overarching issues, which pertain to the draft frame-
work as a whole, and issues relating specifically to any of the framework’s three 
dimensions or its learning progressions.

OVERARCHING ISSUES

In general, the feedback about the draft framework indicated support for the over-
all approach. In the online surveys, many individuals commented that they were 
impressed with the document and thought it provided a good next step toward 
refining standards for K-12 science education. At the same time, there were many 
critiques and suggestions for how to improve it. In looking across all of the modes 
of gathering feedback, some key overarching issues emerged: 

•	 concerns about the purpose, audience, and voice; 

•	 suggestions of additional fields or topics to include;

•	 how best to incorporate and describe ideas in engineering and technology; 

•	 concerns that there was too much material;

•	 lack of guidance or examples about how to convey the integration of cross-
cutting concepts, core ideas, and practices;

•	 insufficient indication of connections to other topics or issues, such as math-
ematics and literacy;

•	 need for a stronger statement about science for all and insufficient attention 
to diversity and equity; 

•	 lack of “standards” for curriculum, programs, assessment, and professional 
development similar to those that were included in the National Science 
Education Standards [1]; and 

•	 lack of attention to the challenges inherent in implementing the framework.
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Purpose, Audience, and Voice 

The feedback suggested some confusion about the purpose of the document and 
the intended audience. Several focus groups suggested that a coherent vision 
across the document was lacking. Some individuals thought Chapter 1 provided 
a good summary of key principles, and others thought the vision was too diffuse. 
Across all of the modes of response and across all kinds of individuals, people 
commented that the promise of the first chapter was not consistently delivered in 
the rest of the document. Some commenters said explicitly that the framework had 
gone too far toward standards. Others said that the document would be difficult 
for teachers to use. 

Several comments from individuals and summaries from focus groups called 
for more discussion of the goals of science education and a stronger argument 
in the first chapter for why science education is important. There was confu-
sion about whether the document was outlining goals for all students or only for 
college-bound students. 

Commenters were divided on the tone of the document and its quality of 
writing. Some thought it was well written; others thought it needed to be entirely 
rewritten in more accessible language. 

Response

The committee made several revisions aimed at giving the framework greater 
focus, clarifying its goals and audience(s), and eliminating differences in tone and 
writing style. We reframed the introductory chapter, incorporated an argument for 
the importance of science education, provided a concise discussion of the goals  
for science education for all students, and added an explicit vision statement. Also, 
we shifted material that described the theoretical and empirically based assump-
tions guiding the framework to a second chapter. 

To enable readers to identify the major tasks for standards developers in 
translating the framework into standards, we added Chapter 12: Guidance for 
Standards Developers. In that chapter, the committee presents a set of 13 recom-
mendations that lay out the steps that standards developers should take and the 
considerations they need to keep in mind as they translate the framework into 
standards. Finally, the report was edited extensively to achieve a more uniform 
style and voice for improved readability.
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Suggestions of Fields or Topics to Be Included

Several stakeholder groups voiced strong concerns that content relevant to their 
disciplines was either underrepresented or left out entirely. The strongest concerns 
were voiced by organizations and individuals affiliated with the behavioral and 
social sciences, computer sciences, and ocean sciences. Each of these communities 
mounted some kind of formal response, including letters from professional societ-
ies and campaigns to encourage their membership to respond to the online survey. 
There also was mention of health, but this involved a less organized response. 

Behavioral and Social Sciences. The behavioral and social sciences com-
munity made a very strong request for inclusion in the framework. Community 
members wanted to see these fields acknowledged throughout the document 
as legitimate elements of the overall scientific enterprise. They also wanted to 
see a separate set of core ideas developed for the behavioral and social sciences 
and included in the framework. They pointed out that courses related to the 
behavioral and social sciences are already included at the secondary level (e.g., 
Advanced Placement psychology). Acknowledging that developing a separate set 
of core ideas would take time, they asked that the framework’s project time line 
be extended accordingly. They also noted many places where the social sciences 
could inform issues that were raised, particularly in discussions related to science, 
technology, and society.

Computer Science. We received a similar request for inclusion from the com-
puter science community. Some of its members noted that computing and com-
putational thinking are now an integral part of science and therefore constitute 
essential knowledge and practices for students who might pursue careers in science 
or engineering. They pointed out that computer science and programming courses 
are already part of the K-12 curriculum, although they are not usually identified 
as part of the science curriculum. 

Ocean Science. This community pointed to the framework’s lack of specific 
attention to the ocean, it suggested a greater focus on earth systems than was cap-
tured in the draft, and it offered very concrete and detailed suggestions for revi-
sions. The community developed some standard wording for members to use in 
filling out the survey. For example, there was an argument for greater inclusion of 
ocean sciences in the earth and space sciences section. 

Nature of Science. Many of those who provided comments thought that the 
“nature of science” needed to be made an explicit topic or idea. They noted that it 
would not emerge simply through engaging with practices.
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Response

Behavioral and Social Sciences. The committee considers the behavioral and 
social sciences to be part of science, but for a number of reasons we think it inap-
propriate at this time to include them as a separate disciplinary area with its own 
set of core ideas. The primary reason is that these subjects are not currently part 
of what is considered the K-12 science curriculum. To include them here would 
speak to a major reorganization of K-12 schooling, which would go far beyond 
the committee’s charge and, indeed, the professional expertise of the committee. 
In grades K-8, topics related to the behavioral and social sciences are typically 
covered in social studies, although they are not necessarily taught from a scien-
tific perspective. At the secondary level, there are courses that do teach behavioral 
and social sciences topics from a scientific perspective—for example, Advanced 
Placement psychology. However, the framework as currently structured does not 
prevent these courses from being taught. In fact, the committee considers them 
appropriate science courses for extending and enriching the foundational science 
education described in the framework. 

The secondary reason is that the committee has a responsibility to meet its 
charge and to maintain as closely as possible the intended time line of its work 
in order to inform the science standards development efforts of Achieve, Inc. 
Undertaking the task of identifying and articulating the core ideas in the behav-
ioral and social sciences would be impossible within the available time and budget 
constraints. In the committee’s judgment, this is a task for another group. 

Although the committee did not think it was appropriate to include the 
behavioral and social sciences as a separate discipline, we did make efforts to dis-
cuss them explicitly throughout the document and particularly to identify places 
where they intersect with the framework’s three dimensions. More specifically, the 
following changes were made in response to this input: 

•	 In the Introduction, we acknowledge that the behavioral and social sci-
ences are part of science and that they are not broadly represented in this 
framework. 

•	 We revised language throughout the report to note the role of behavioral 
and social sciences expertise for addressing such issues as the connections 
among science, technology, and society. 

•	 We included some behavioral and social sciences examples in the descrip-
tions of science and in the chapters on crosscutting concepts and scientific 
and engineering practices. 
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•	 We added more emphasis on behavior and psychology, especially cognitive 
science, in the life sciences chapter, including a component idea on informa-
tion processing under LS1 and a component idea on social interactions and 
group behavior under LS2.

Computer Science. In considering whether and how to include topics related to 
computer science, the committee noted that such concepts are more typically 
included under mathematics; we acknowledge, however, that the mathematics 
common core does not include such topics as algorithms or algorithmic approach-
es to computation and includes very little about the use of computational tools. 

Although the committee determined that it was not appropriate to include 
computer science in the framework as a separate discipline with its own set of 
core ideas, in the revisions of the draft we made an effort to stress the impor-
tance both of computational thinking and of the use of computers as scientific 
tools, particularly in Chapter 3: Scientific and Engineering Practices. One of the 
eight major practices is labeled “Using Mathematics, Information and Computer 
Technology, and Computational Thinking,” and the chapter stresses the impor-
tance of the application of these skills throughout science learning. The chapter 
also includes more emphasis on computers as tools for modeling, data collection 
and recording, and data analysis. 

Although the framework does not include material usually covered by 
courses under the title “computer science,” we stress that this choice in no way 
diminishes the importance either of general computer literacy for all students or of 
options for advanced computer science courses at the high school level.

Ocean Science. The earth and space sciences core ideas and grade band endpoints 
were revised to include more attention to the ocean whenever possible and to shift 
to more of a focus on earth systems. 

Nature of Science. The committee added a section to the end of Chapter 4 to 
emphasize the need to reflect on scientific and engineering practices as a means to 
deepen students’ understanding of the nature of science.

Inclusion of Engineering and Technology

The inclusion of engineering and technology and their own set of core ideas gener-
ated a substantial amount of feedback. Many indicated that they were pleased to 
see engineering and technology given an explicit place in K-12 science education. 
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However, there were numerous concerns, including the amount of space devoted 
to engineering and technology, the kinds of core ideas included, and the capacity 
of the K-12 science education system to get these areas right. Some individuals 
commented that including engineering and technology could present a problem: 
given that a goal of the framework is to cut the amount of material to be covered 
in K-12 science, it would be ironic if such inclusion expanded the amount of mate-
rial considerably. 

One key issue that appeared frequently in the comments was whether engi-
neering and technology were well defined in the framework. This suggested the 
need to be more explicit about how engineering and technology are related to 
each other and to the natural sciences. Thoughtful advice from the experts we 
consulted was that some of the engineering and technology ideas incorporated ele-
ments that would be more appropriately placed in practices. 

A letter to the committee from the International Technology and Engineering 
Educators Association raised a number of issues related to including engineer-
ing and technology in the science framework. The association argued that science 
teachers might not have sufficient background to teach the new material and, 
moreover, that there is currently no agreement in the field about what the core 
ideas in engineering and technology should be. The letter also pointed out that a 
corps of technology teachers at the secondary level already exists.

A related issue among respondents was treatment of the applications of sci-
ence (such as medicine, public health, and agriculture) and their links to engineer-
ing and technology. Some individuals suggested that this topic needed more atten-
tion in the draft framework. Experts we asked to review the draft also pointed out 
that discussion of applications of science was mostly absent there.

Response

The committee deliberated extensively on the best way to respond to these con-
cerns and chose to make significant revisions. We trimmed the material included 
under engineering and technology and focused on design as one of the major ele-
ments of engineering. We did this because design is the one core idea of engineer-
ing around which there appears to be consensus [2]. There also is evidence that 
engaging in design activities can enhance students’ understanding of science [3]. 

Elements of design are now represented in Chapter 3: Scientific 
and Engineering Practices and also under the first core idea in Chapter 8: 
Engineering, Technology, and Applications of Science. The second core idea, 
which stresses the connections among engineering, technology, science, and 
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society, discusses applications of science as well. Definitions of engineering, 
technology, and applications of science and of the relationships among them are 
clearly stated. These definitions then inform how engineering and technology are 
treated throughout the framework.

Too Much Material

Many individuals and organizations indicated that the draft framework still 
contained too much material, and some thought that the committee had not suc-
ceeded in making any reduction compared with previous documents. There were 
particular concerns not only about the amount of the material but also about its 
difficulty for the earlier grades. People also expressed trepidation that the learning 
progressions in the draft contained too many discrete and disconnected notions 
and that some were not central to the core idea being developed. 

Response

The committee was particularly concerned with this feedback and in response 
made significant revisions to the core ideas and progressions. We revised the struc-
ture and content of the core ideas in all of the disciplines and replaced detailed 
progressions with grade band endpoints for grades 2, 5, 8, and 12. When neces-
sary we consulted experts in teaching and learning science to supplement the 
committee’s expertise. For example, six experts on learning science in grades K-5 
provided detailed input regarding what ideas were appropriate for those levels and 
in which grade. As a result, some core ideas or component ideas begin their pro-
gression only at the 3-5 grade band to allow necessary prior knowledge of other 
core ideas to be established. 

Overall, the committee thinks that the framework’s content is now con-
tained in a more suitable structure—one that provides guidance to standards 
developers rather than extremely detailed sets of discrete content statements.

How to Integrate the Three Dimensions

There were many concerns that too little guidance was given about how to inte-
grate the crosscutting concepts, disciplinary core ideas, and scientific and engineer-
ing practices. In particular it was deemed that the learning progressions in the 
draft framework did not integrate the three dimensions at all, focusing solely on 
the progression for the core ideas. 

The presentation of the crosscutting concepts and the practices in sepa-
rate chapters led some to ask whether there would be separate standards for the 
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crosscutting concepts and for the practices. Some pointed out that, without guid-
ance about integration, the crosscutting concepts might be omitted entirely or be 
taught as a set of separate ideas. 

Response

The committee was charged with identifying the disciplinary core ideas and prac-
tices for K-12 science education and with providing examples of the integration of 
these ideas and practices. One of the major tasks of the standards developers will 
be to determine ways to integrate the dimensions at the level of standards and per-
formance expectations; we anticipate that full integration of the dimensions will 
occur at the level of curriculum and instruction.

In attending to the framework itself, we expanded Chapter 9: Integrating 
the Three Dimensions, which in the draft included only examples of perfor-
mance expectations; for example, we added an example of how the dimensions 
might be brought together in curriculum and instruction. We also created a 
chapter on implementation issues (Chapter 10) that spelled out the need for cur-
ricula and instruction that integrate the three dimensions. Finally, in Chapter 12: 
Guidance for Standards Developers, we explicitly recommended that standards 
should incorporate the three dimensions in both their content statements and 
performance expectations. 

Strengthening Connections to Other Subjects

Many people wanted to see more connections made to mathematics and lit-
eracy, some asked for explicit connections to the Common Core Standards, and 
some wanted to see more indications of the links between the core ideas and 
other disciplines. 

Response

We added explicit reference to other subject areas in multiple places. In the 
chapter on scientific and engineering practices, we included two practices that 
specifically link to mathematics and literacy: “Using Mathematics, Information 
and Computer Technology, and Computational Thinking” and “Obtaining, 
Communicating, and Presenting Information.” In discussions of these practices, 
we called out the need to parallel the Common Core Standards. We also included 
a recommendation for standards developers that the science standards be consis-
tent with the mathematics and English/language arts Common Core Standards. In 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education340

Chapter 8: Engineering, Technology, and Applications of Science, and elsewhere as 
appropriate, we have stressed linkages to social studies.

Science for All, Diversity, and Equity

Many readers thought it was unclear whether this document was intended to 
prepare future scientists or to acquaint all students with science. Many also com-
mented on a lack of clear statements about diversity and equity. 

Response

In the introductory chapter, we clarified the vision for the framework and its 
emphasis on science for all students. We added Chapter 11: Equity and Diversity 
in Science and Engineering Education. This chapter had already been planned, but 
it was not ready in time for the draft released in July 2010.

Implementation: Curriculum, Instruction, Teacher Development, and Assessment

Many educators raised concerns about the challenges to implementing the frame-
work—especially the demands it would place on curriculum developers, providers 
of professional development, and others. In some cases, commenters suggested 
that it would be useful to include the kinds of standards related to curriculum, 
instruction, teacher development, and assessment that were presented in the 
National Science Education Standards [1]. 

Response

The committee already recognized the challenges that the framework will place on 
K-12 science education. But although we had planned a chapter related to imple-
mentation, it was not available for the 2010 draft release. We have since written 
this chapter, and it is included in the present document as Chapter 10.

ISSUES RELATED TO EACH DIMENSION

Chapter 3: Scientific and Engineering Practices

Overall, the majority of those who commented were pleased to see discussion 
of scientific and engineering practices. Some specifically mentioned that it was a 
positive step to discuss particular practices instead of referring broadly to inquiry. 
There were varying reactions to the chapter itself. Some felt that there was too 
much introductory material about the work of scientists and engineers generally 
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and that this discussion could be cut. Others thought that too many discrete prac-
tices with no uniform “grain size” were specified. Some had difficulty understand-
ing how the tables in the chapter that described progressions were to be used in 
conjunction with the tables outlining the learning progressions for the disciplinary 
core ideas. Feedback from the individual experts indicated that in several cases the 
detailed progressions for the practices did not have supporting empirical evidence.

Response

We revised the introductory material in the chapter to make it more focused. We 
collapsed the practices into a shorter top-level list. We discussed developmental 
trajectories for each practice but cut the tables and the “levels” of practice that 
they had introduced. We refined the parallel treatment of scientific and engineer-
ing practices and clarified how the goals of work in the two areas differ.

Chapter 4: Crosscutting Concepts

Most of those who provided comments liked the framework’s inclusion of cross-
cutting concepts. There were some suggestions of particular concepts to cut 
and of others to add. Many suggested that the section titled “Topics in Science, 
Engineering, Technology, and Society” did not fit in this dimension and should be 
integrated elsewhere.

Response

We chose not to delete or add to the crosscutting concepts. We did remove 
“Topics in Science, Engineering, Technology, and Society” from this chapter and 
placed the important elements of that material elsewhere (in practices; in the engi-
neering, technology, and applications of science chapter; and in the chapter on 
implementation under the discussion of curriculum). 

Chapters 5-8: Disciplinary Core Ideas

Many commenters provided detailed feedback on the core ideas and component 
ideas in each discipline. Their comments ranged from whether the inclusion of a 
core or component idea was appropriate, to suggestions for additions, to word-
level editorial changes. Expert feedback from individuals and focus groups was 
particularly helpful in guiding the revisions of these four chapters. 

Overall, readers tended to assume that each core idea would be given equal 
time in curriculum and instruction, leading to the impression, for example, that 
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we were advocating that 25 percent of time be devoted to engineering. Although 
we have reduced the number of core ideas in Chapter 8: Engineering, Technology, 
and Applications of Science, we also noted that different core ideas will take dif-
ferent amounts of instructional time, both within and across grade levels; thus, the 
above-cited accounting was not a correct interpretation of the document. We have 
made appropriate clarifications in the introductory chapter and in the guidance 
for standards developers.

Physical Sciences. Physicists expressed concern that the content in physics 
was not articulated clearly, and chemists had a similar concern about the chem-
istry ideas. These responses suggested confusion about whether the framework 
is intended to define a full chemistry and physics course at the high school level. 
The committee’s actual intent is for the framework to outline a foundational 
set of core ideas and for individual courses in physics or chemistry to deepen or 
extend the study of these ideas. Input from a group convened by the American 
Association of Physics Teachers, the American Physical Society, the American 
Institute of Physics, and the American Chemical Society was particularly useful. 

There were some specific critiques of the core ideas on waves and communi-
cation technology, with some individuals suggesting that they were inappropriate 
to include in the physical sciences. 

Life Sciences. Aside from a small subset of responders who wanted to 
eliminate evolution, overall the response to the life sciences core ideas was posi-
tive. Critique focused on (a) elements perceived as missing or underemphasized, 
particularly regarding psychology and behavior, and (b) elements perceived as 
misplaced in terms of grade-level appropriateness. Our disciplinary experts, who 
gave thoughtful input based on research on learning, suggested greater stress on 
the physical, chemical, and molecular bases of biological processes, at least in the 
higher grades. 

Earth and Space Sciences. Several responders indicated that there were too 
many component ideas in this domain, and they offered concrete suggestions for 
reducing or streamlining the number of topics. Some individuals thought that the 
organization of the core and component ideas in the earth and space sciences was 
less conceptually coherent than in the other disciplines. They expressed concern 
that the ideas were more like a table of contents for a textbook than a coherent 
learning progression. Some noted that the level of detail was uneven, both within 
the earth and space sciences chapter and in comparison to the other science disci-
plines. Responders offered specific examples of ideas in the learning progressions 
that seemed developmentally inappropriate—that would require understanding of 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

Appendix A 343

concepts from other disciplines or that were actually introduced in later grades. 
A number of reviewers suggested placing more emphasis on an “earth systems” 
approach; this suggestion was particularly emphasized by the ocean science 
community. 

Engineering and Technology. The feedback related to these core ideas, 
together with the committee’s response, is summarized in the previous section 
(Chapter 3: Scientific and Engineering Practices).

Response

The committee undertook significant revisions of the core and component ideas 
for all of the disciplines. For the physical sciences and the earth and space sci-
ences, the revisions included reorganization and relabeling of the core and com-
ponent ideas. 

Learning Progressions

Many concerns were expressed about the draft learning progressions—the sections 
in Chapters 5-8 now labeled “Grade Band Endpoints.” Several people, including 
some of the individual experts we asked to comment, objected to the term “learn-
ing progressions” for these sequences. They offered a number of reasons for why 
this term should not be used and made strong cases for changing it. 

There was also concern about the level of detail included in the progres-
sions; some felt that they went too far toward becoming standards. There was 
concern that the progressions were presented as many discrete bits of knowledge, 
which seemed to promote memorization of facts. Some thought that, for certain 
component ideas, the connections from grade band to grade band were unclear. 
And there was concern that the progressions were not clearly based on research; a 
couple of the experts pointed out places for which research suggests realignment 
of the content. 

A number of criticisms stated that the progressions were not always grade 
appropriate; some pointed out that material included in the K-5 bands in particu-
lar was often too difficult. Others thought that the progressions underestimated 
what younger students can do. There was general concern that the expectations 
for the 3-5 and 6-8 grade bands were quite high, given the number of very impor-
tant, but challenging, ideas that were covered. Finally, there was concern that the 
progressions focused on the disciplinary core ideas and did not attempt to inte-
grate the crosscutting concepts and scientific and engineering practices in any way.
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Response

The committee was especially attentive to the feedback on the learning progres-
sions. The detailed progressions were changed to grade band endpoints, with the 
number of details significantly reduced. Meanwhile, the introductory discussion 
of each core idea was expanded into a single coherent statement that reflected the 
idea’s overall knowledge content. 

To address the concerns about grade-level appropriateness, the committee 
solicited additional comments from six experts in science learning in grades K-5. 
Based on this feedback and review of the document by committee members with 
expertise in elementary school science, some core ideas or component ideas were 
excluded at the K-2 level, with development of these ideas beginning instead in the 
3-5 grade band. 

ORGANIZATIONS THAT CONVENED DISCUSSION/FOCUS GROUPS 

Achieve, Inc.
American Association of Physics Teachers, American Physical Society,  
 American Institute of Physics
American Astronomical Society Astronomy Education Board
American Chemical Society
American Geological Institute
American Geophysical Union
American Society of Plant Biologists
Association for Computing Machinery
Association for Science Teacher Education
Biotechnology Institute
Climate Literacy Network
Computer Science Teachers Association
Council of Elementary Science International
Council of State Science Supervisors (45 state representatives in 8 groups)
Einstein Fellows
Hands-On Science Partnership
International Technology and Engineering Education Association
Massachusetts Department of Education
Minnesota Department of Education
NASA Science Education and Public Outreach
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NASA Science Mission Directorate Education Community
National Association of Biology Teachers
National Association of Geoscience Teachers
National Association of Research in Science Teaching
National Earth Science Teachers Association
National Middle Level Science Teachers Association
National Science Education Leaders Association
National Science Teachers Association (100 people in 4 groups across the country)
New Hampshire Department of Education
North American Association for Environmental Education 
Rhode Island Department of Elementary and Secondary Education
Triangle Coalition
University of Colorado at Boulder Biology Educators Group
University of Washington, Seattle
Vermont Department of Education
Wisconsin Department of Public Instruction
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The committee consulted a variety of references throughout the development 
of the framework, not all of which are cited explicitly in the report itself. 
This appendix lists some of the additional references the committee used to 

develop the practices, crosscutting concepts, and core ideas and to construct the 
grade band endpoints. This is certainly not an exhaustive list of all of the refer-
ences relevant to teaching and learning in science. Rather, it is intended to provide 
a sense of the range of research literature the committee considered. 
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Science Teaching, and the Award of Excellence in Government Service from the 
Governor’s Science and Technology Commission. He served on the Triangle 
Coalitional Board and the National Assessment of Educational Progress 2009 
Framework Planning Committee and was the president of the Council of State 
Science Supervisors from 2003 to 2006. He has an administrative supervisory 
certificate from Utah State University; a B.S. in chemistry from the University of 
Utah, Salt Lake City; and an M.Ed. from Weber State University. 

Jonathan Osborne holds the Shriram family professorship in science education at 
Stanford University. Previously, he was a professor of science education at King’s 
College, University of London. His research focus is a mix of work on policy 
and pedagogy in the teaching and learning of science. In the policy domain, he is 
interested in exploring students’ attitudes toward science and how school science 
can be made more worthwhile and engaging, particularly for those who will not 
continue with the study of science. In pedagogy, his focus has been on making 
the case for the role of argumentation in science education, both as a means of 
improving the use of a more dialogic approach to teaching science and improv-
ing student understanding of the nature of scientific inquiry. He led the project 
on Enhancing the Quality of Argument in School Science Education, from which 
IDEAS (Ideas, Evidence and Argument in Science Education) materials to sup-
port teacher professional learning were developed. He was one of the partners in 
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the Centre for Informal Learning and Schools. He has a Ph.D. in education from 
King’s College, University of London.

James W. Pellegrino is liberal arts and sciences distinguished professor and dis-
tinguished professor of education at the University of Illinois at Chicago (UIC). 
He is co-director of UIC’s interdisciplinary Learning Sciences Research Institute. 
His current work is focused on analyses of complex learning and instructional 
environments, including those incorporating powerful information technology 
tools, with the goal of better understanding the nature of student learning and the 
conditions that enhance deep understanding. A special concern of his research is 
the incorporation of effective formative assessment practices, assisted by technol-
ogy, to maximize student learning and understanding. At the National Research 
Council, he has served on the Board on Testing and Assessment and co-chaired 
the Committee on the Cognitive Science Foundations for Assessment, which issued 
the report Knowing What Students Know: The Science and Design of Educational 
Assessment. He recently helped the College Board build new frameworks for 
curriculum, instruction, assessment, and professional development in Advanced 
Placement biology, chemistry, physics, and environmental science. He has a B.A. 
in psychology from Colgate University and M.A. and Ph.D. degrees from the 
University of Colorado.

Stephen L. Pruitt is the chief of staff for the Office of the State Superintendent of 
Schools in the Georgia Department of Education. He is the current president of 
the Council of State Science Supervisors. Previously, he taught high school science 
for 12 years. He supervised the revision and implementation of Georgia’s new sci-
ence curriculum. The Georgia Performance Standards have taken the state in a 
new direction in education with an emphasis on conceptual learning and inquiry. 
In the position of director of the Division of Academic Standards, he supervised 
the implementation of all content areas’ new curriculum. Currently, as the chief of 
staff for assessment and accountability, he supervises the development and opera-
tion of all state testing and adequate yearly progress determinations. He has a B.S. 
in chemistry from North Georgia College and an M.Ed. from the State University 
of West Georgia. He is currently completing a Ph.D. in chemistry education from 
Auburn University. 

Brian Reiser is professor of learning sciences in the School of Education and Social 
Policy at Northwestern University. His research examines how to make scientific 
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practices, such as argumentation, explanation, and modeling, meaningful and 
effective for classroom teachers and students. Reiser leads the MoDeLS project 
(Modeling Designs for Learning Science), to develop an empirically based learning 
progression for the practice of scientific modeling, and BGuILE (Biology Guided 
Inquiry Learning Environments), developing software tools for supporting stu-
dents in analyzing biological data and constructing explanations. Reiser is also on 
the leadership team for IQWST (Investigating and Questioning our World through 
Science and Technology), a collaboration with the University of Michigan develop-
ing a middle school project-based science curriculum. He was a founding member 
of the first graduate program in learning sciences, created at Northwestern, and 
chaired the program from 1993 to 2001. He was co-principal investigator in the 
Center for Curriculum Materials in Science, exploring the design and enactment of 
science curriculum materials. At the National Research Council, he served on the 
panel authoring the report Taking Science to School. He also served on the edito-
rial boards of Science Education and the Journal of the Learning Sciences. He has 
a Ph.D. in cognitive science from Yale University (1983).

Rebecca R. Richards-Kortum is the Stanley C. Moore professor of bioengineering 
at Rice University. She is a member of the National Academy of Engineering. Her 
work has focused on translating research that integrates advances in nanotechnol-
ogy and molecular imaging with microfabrication technologies to develop opti-
cal imaging systems that are inexpensive and portable and provide point-of-care 
diagnosis. This basic and translational research is highly collaborative and has led 
to new technologies to improve the early detection of cancers and other diseases, 
especially in impoverished settings. Over the past few years, Richards-Kortum and 
collaborators have translated these technologies from North America to both low- 
and medium-resource developing countries (Botswana, Brazil, India, Mexico, and 
Taiwan). She served on the inaugural National Advisory Council for Biomedical 
Imaging and Bioengineering for the National Institutes of Health (2002-2007) and 
was elected fellow of the American Association for the Advancement of Science 
and Biomedical Engineering Society (2008). At the National Research Council, she 
served on the Committee on Being a Scientist: Responsible Conduct in Research. 
She has a Ph.D. in medical physics and an M.S. in physics from the Massachusetts 
Institute of Technology. 

Heidi A. Schweingruber is the deputy director of the Board on Science Education 
at the National Research Council (NRC). She has worked in some capacity 



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

Appendix C 363

on most of the major projects of the board since it was formed in 2004. She 
served as study director for a review of the National Aeronautics and Space 
Administration’s pre-college education programs in 2007 and co-directed the study 
that produced the 2007 report Taking Science to School: Learning and Teaching 
Science in Grades K-8. She co-authored two award-winning books for practi-
tioners that translate findings of NRC reports for a broader audience: Ready, 
Set, Science!: Putting Research to Work in K-8 Science Classrooms (2008) and 
Surrounded by Science (2010). Prior to joining the NRC, Schweingruber worked 
as a senior research associate at the Institute of Education Sciences in the U.S. 
Department of Education where she administered the preschool curriculum evalu-
ation program and a grant program in mathematics education. Previously, she was 
the director of research for the Rice University School Mathematics Project. She 
holds a Ph.D. in psychology (developmental) and anthropology and a certificate in 
culture and cognition from the University of Michigan.

Walter G. Secada is senior associate dean of the School of Education and chair 
of the Department of Teaching and Learning at the University of Miami (UM). 
Previously, he was professor of curriculum and instruction at the University of 
Wisconsin–Madison and the director of diversity in mathematics education. His 
research interests have included equity in education, mathematics education, 
bilingual education, school restructuring, professional development of teachers, 
student engagement, and reform. He was associate director and co-principal inves-
tigator of Promoting Science among English Language Learners (P-SELL) with a 
High-Stakes Testing Environment, associate director and co-principal investigator 
of Science Made Sensible, and a member of the university’s social sciences insti-
tutional review board. He has worked on the development of a secondary school 
mathematics and science academy at UM. As director of the U.S. Department of 
Education’s Hispanic Dropout Project, he was senior author of its final report, No 
More Excuses. He has a B.A. in philosophy from the University of Notre Dame 
and an M.S. in mathematics and a Ph.D. in education, both from Northwestern 
University.

Deborah C. Smith is assistant professor in the Department of Curriculum and 
Instruction at Pennsylvania State University. She teaches elementary science 
methods and graduate courses in science curriculum; the history, philosophy, and 
sociology of science; and science teacher knowledge. She is a former preschool 
and elementary school teacher, with a background in biology. Her research 
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focuses on how teachers and young children build communities of scientific 
discourses and practices in the early years of schooling. She was the author and 
co-principal investigator on a 5-year grant to the Lansing (Michigan) School 
District and Michigan State University, in which grade-level groups of K-8 teach-
ers studied scientific content, standards-based and inquiry-oriented curriculum 
design, research-based teaching practices, and their students’ science learning. 
At the National Research Council, she served on the Teacher Advisory Council 
and was a consultant for the popular publication, Ready, Set, Science! She has a 
B.S. in biology from Boston University, an M.A.T. in science education from the 
Harvard Graduate School of Education, and a Ph.D. in curriculum and instruc-
tion from the University of Delaware.
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DESIGN TEAM MEMBERS

D

PHYSICAL SCIENCES

Lead
Joseph Krajcik, University of Michigan, Ann Arbor
Joseph Krajcik is professor of science education and associate dean for research in 
the School of Education at the University of Michigan. He co-directs the Center 
for Highly Interactive Classrooms, Curriculum, and Computing in Education 
at the University of Michigan and is a co-principal investigator in the Center 
for Curriculum Materials in Science and the National Center for Learning and 
Teaching Nanoscale Science and Engineering. He has authored or co-authored 
many manuscripts and makes frequent presentations at international, national, 
and regional conferences. He is a fellow of the American Association for the 
Advancement of Science and served as president of the National Association for 
Research in Science Teaching in 1999. Krajcik taught high school chemistry before 
obtaining a Ph.D. in science education from the University of Iowa and has been 
a guest professor at the Beijing Normal University in China as well as the Weston 
visiting professor of science education at the Weizmann Institute of Science in 
Israel. 

Members
Shawn Stevens, University of Michigan, Ann Arbor 
Sophia Gershman, Princeton Plasma Physics Lab, Princeton, NJ, and Watchung  
 Hills Regional High School, Warren, NJ



Copyright © National Academy of Sciences. All rights reserved.

A Framework for K-12 Science Education:  Practices, Crosscutting Concepts, and Core Ideas

A Framework for K-12 Science Education366

Arthur Eisenkraft, University of Massachusetts, Boston 
Angelica Stacy, University of California, Berkeley

LIFE SCIENCES

Lead
Rodger Bybee, Biological Sciences Curriculum Study, Colorado Springs
Roger Bybee served as executive director of Biological Sciences Curriculum Study 
(BSCS) from 1999 to 2007. He also served as chair of both the science forum 
and the science expert group for the 2006 Programme for International Student 
Assessment (PISA). In addition, he worked on the 1999 Trends in International 
Mathematics and Science Study science lesson video study. His major areas of work 
have included scientific literacy, scientific inquiry, the design and development of 
school science curricula, the role of policy in science education, and work on inter-
national assessments, in particular PISA. He recently retired from BSCS but contin-
ues consulting and publishing on policies, programs, and practices for science edu-
cation at local, national, and international levels. He has a Ph.D. from New York 
University and M.A. and B.A. degrees from the University of Northern Colorado.

Members
Bruce Fuchs, National Institutes of Health, Bethesda, MD
Kathy Comfort, WestEd, San Francisco 
Danine Ezell, San Diego County Office of Education

EARTH AND SPACE SCIENCES

Lead
Michael Wysession, Washington University, St. Louis 
Michael Wysession is associate professor of earth and planetary sciences at 
Washington University in St. Louis. An established leader in seismology and 
geophysical education, he is noted for his development of a new way to create 
three-dimensional images of Earth’s interior from seismic waves. These images 
have provided scientists with insights into the makeup of Earth and its evolution 
throughout history. Wysession is co-author of An Introduction to Seismology, 
Earthquakes, and Earth Structure; the lead author of Physical Science: Concepts 
in Action; and co-author of the K-6 Integrated Science textbook program. He 
received a science and engineering fellowship from the David and Lucille Packard 
Foundation, a National Science Foundation presidential faculty fellowship, and 
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fellowships from the Kemper and Lily Foundations. He received the Innovation 
Award of the St. Louis Science Academy and the Distinguished Faculty Award 
of Washington University. In 2005, he had a distinguished lectureship with the 
Incorporated Research Institutions for Seismology and the Seismological Society of 
America. He has an Sc.B. in geophysics from Brown University and a Ph.D. from 
Northwestern University.

Members
Scott Linneman, Western Washington University, Bellingham 
Eric Pyle, James Madison University 
Dennis Schatz, Pacific Science Center, Seattle 
Don Duggan-Haas, Paleontological Research Institution, Ithaca, NY

ENGINEERING, TECHNOLOGY, AND APPLICATIONS OF SCIENCE

Lead
Cary Sneider, Portland State University, Oregon 
Cary Sneider is associate research professor at Portland State University in 
Portland, Oregon, where he teaches courses in research methodology for teachers 
in master’s degree programs and consults for a number of organizations, includ-
ing Achieve, Inc., the Noyce Foundation, and the state of Washington’s Office of 
Public Instruction. He is currently co-chair of the planning committee to develop 
the National Assessment of Educational Progress’s technology framework. He has 
taught science at the middle and high school levels in California, Maine, Costa 
Rica, and Micronesia. During the past 10 years, Sneider was vice president for 
educator programs at the Museum of Science in Boston and previously served 
as director of astronomy and physics education at the Lawrence Hall of Science, 
University of California, Berkeley. His curriculum development and research inter-
ests have focused on helping students unravel their misconceptions in science and 
on new ways to link science centers and schools to promote student inquiry.

Members
Rodney L. Custer, Illinois State University, Normal
Jacob Foster, Massachusetts Department of Elementary and Secondary Education, 
 Malden 
Yvonne Spicer, National Center for Technological Literacy, Museum of Science,  
 Boston 
Maurice Frazier, Chesapeake Public School System, Chesapeake, VA
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INDEX

A
Achieve, Inc., 8, 18, 19, 331, 335, 344
Advanced Placement (AP) or honors courses, 10, 13, 16, 

299, 334, 335
Alpha particles, 112
American Association for the Advancement of Science 

(AAAS), 16, 17, 18, 23, 83, 98, 141, 301, 303, 331
American Association of Physics Teachers, 342, 344
American Astronomical Society Astronomy Education 

Board, 344
American Chemical Society, 342, 344
American Geological Institute, 344
American Geophysical Union, 344
American Indians, 281, 289-290
American Institute of Physics, 342, 344
American Physical Society, 342, 344
American Society of Plant Biologists, 344
America’s Lab Report, 23, 242
Anaerobic life, 148, 154, 222, 223
Anthropology, 13, 14, 287
Argumentation and analysis, 3, 16, 42
 allowing time for, 11
 asking questions and, 55, 56, 74
 assessment of ability in, 262
 cause-and-effect mechanisms, 89
 communicating information and, 74-75, 77, 278
 and constructing explanations, 68, 73, 251
 culturally based storytelling and, 29, 285-286, 287

 in engineering, 48, 52, 72
 goals, 48, 55, 72-73, 278
 and learning, 250, 251, 255
 learning progressions, 34, 56, 73-74, 89, 220, 222, 223, 

228, 229, 238, 239
 norms, 252
 pattern recognition and, 71
 peer review, 78
 purpose and importance, 27, 44, 46, 49, 52, 71-72, 79, 

89, 248, 300
 in science, 27, 44, 46, 48, 49, 52, 71, 78, 89
Asking questions and defining problems
 and arguing from evidence, 55, 56, 74
 about cause-and-effect mechanisms, 50, 89
 and communicating information, 54, 75, 76
 goals, 55
 grade band endpoints, 205
 pattern recognition and, 55, 84, 85, 86, 236
 science vs. engineering, 50, 54-55, 205
Assessment, 260-265
 and accountability, 323-324
 in argumentation and analysis, 262
 in communicating information, 262
 computer-based, 262-263
 contexts for, 262-264
 defined, 260
 designing, 263-264
 equity and diversity issues, 289-290
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 formative, 261
 framework impact on, 323-324
 implementation challenges, 260-265
 individual student’s understanding, 315
 paper-and-pencil format, 262
 for program evaluation, 261
 purposes, 261-262
 research and development agenda, 314-315, 317-319, 

323-324
 standards and accountability and, 323-324
 student engagement, 314
 summative, 261
Association for Computing Machinery, 344
Association for Science Teacher Education, 344
Atlas of Science Literacy, 13, 303
Atoms and atomic theory of matter, 34, 57, 64, 79, 86, 

87-88, 89, 92, 94, 96, 97-98, 100, 101, 103, 106-
107, 108-109, 110, 111, 112, 113, 114, 117, 118, 
121, 122, 123, 124, 125, 134, 135-136, 140, 143, 
153-154, 173, 225, 227, 229, 230, 233, 236-237, 
238, 239-240, 303

B
Behavioral and social sciences, 13-14, 334, 335-336
Benchmarks for Science Literacy, 13, 16, 17, 23, 30, 89, 

103, 141, 301
Beta particles, 112
Big Bang, 67, 112, 173, 174
Binding energy in molecules, 109, 110, 111, 112, 239-240
Biodiversity, 139, 141, 155, 161, 165, 166-167, 195, 196
Biogeology, 189-190
Biological evolution
 adaptation, 141, 164-166
 biodiversity and humans, 139, 161, 166-167
 biogeology and, 189-190
 common ancestry and diversity, 162-163
 grade band endpoints, 162-163, 164, 165-167
 natural selection, 141, 143, 161, 162, 163-164, 165, 

166
 reproductive isolation, 165
 scale of, 100
 scientific evidence of, 161, 162-163
 speciation, 154, 155, 161, 165, 166, 167
Biological systems, 107, 140, 143, 144-145, 147, 148
Biotechnology Institute, 344

C
Carbon cycle, 110, 153, 154, 180, 189-190, 198, 223
Carbon dioxide, 57, 64, 92, 95, 100, 110, 129, 130, 147, 

148, 186, 187, 188, 223
Carnegie Corporation, 19
Carrying capacities, 151, 152, 154
Cause-and-effect mechanisms (see also Forces and motion)
 argumentation from evidence, 89
 asking questions about, 50, 89
 constructing explanations, 67, 69-70, 86
 definition of concept, 84-85
 in earth science, 167, 169-170, 179-180, 181, 184, 185, 

187, 190, 192
 in ecosystems, 86, 89, 93, 167
 energy-related, 125-126, 237
 and engineering design, 88, 98-99, 169-170
 feedback loops, 98-99, 169-170, 181, 190
 goals of instruction, 69, 88
 human impacts on Earth, 167, 187, 192
 learning progression, 88-89, 223
 in life sciences, 140, 145, 157-158, 160, 161, 167
 modeling, 79, 86, 88, 93, 221, 229
 pattern recognition, 86, 88-89
 physical laws and, 87-88
 in physical sciences, 100, 103, 107, 112, 113, 114, 115-

116, 125-126, 127, 132, 223, 229, 237
 scale, proportion, or quantity and, 88, 111, 113
 in space science, 175, 176
 stability and change, 98, 100
 in systems, 87, 88, 89, 93, 103, 169-170, 180, 181, 

182-183, 188, 192, 195, 223, 229
Cells, biological, 89, 94, 130, 134, 136, 140, 143-147, 

148, 149, 158, 159, 221, 223, 303
Charge to committee, 1, 15, 16
Chemical energy, 111, 122, 123, 148, 223
Chemical reactions, 110
Chemosynthesis, 147
Chromosomes, 144, 146-147, 157, 158, 159, 160, 161
Classification skills, 43, 78, 84, 85, 86, 87, 108, 167, 220, 

222, 224, 231
Climate (see Weather and climate)
Climate Literacy Network, 344
College Board, 13, 16, 17, 23, 30, 96, 141, 218, 230, 303
Common Core State Standards, 19, 75, 297, 306, 339
Communicating information, 42, 49, 278
 arguments from evidence, 74-75, 77, 278
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 asking questions and, 54, 75, 76
 assessment of skills in, 262
 data analysis and interpretation and, 63
 in engineering, 53, 54, 57, 75, 77, 206, 207, 208
 goals, 75-76
 graphical and pictorial representations, 51, 58, 61, 62, 

63, 65, 66, 74, 76, 77, 93, 206
 importance of skills in, 43, 208, 250
 learning progressions, 76-77
 mathematics and, 64, 74, 206
 with models and computer simulations, 34, 45-46, 56, 

57, 58, 63, 66, 77, 90, 92, 198, 206, 207, 208, 210, 
252

 oral, 75, 76, 77, 93
 and pattern recognition, 65, 66, 86, 133, 183
 in science, 53, 54, 57, 74-75, 77
 statistical analysis, 14, 15, 51, 61, 63, 65, 66
 tables, 61, 62, 63, 76, 77
 teacher proficiency, 256-259
 technology and, 75
 venues for, 75
 written, 74-75, 76, 77
Communication systems and devices, 136, 137, 202, 210, 

214, 263, 342
Computer-Based Assessment of Science (CBAS), 263
Computer science, 10, 14-15, 299, 334, 336
Computer Science Teachers Association, 344
Computer simulations, 45-46, 56, 57, 58, 66, 92, 198, 210
Concepts of evidence (see Procedural knowledge)
Conservation of matter and energy, 84, 86, 94-96, 106, 

108, 109, 110-111, 112, 120-121, 123, 124-126, 
128, 148, 153, 154, 175, 222, 223, 226, 228, 230, 
233-234, 236, 238

Constructing explanations
 and argument from evidence, 68, 73, 251
 cause-and-effect mechanisms, 67, 69-70, 86
 data analysis and interpretation, 68
 goals, 69
 hypothesis formulation and testing, 43, 44, 45, 59, 60, 

61, 62, 67, 76, 78, 79, 84, 87, 139
 learning progressions, 69-70
 modeling theories, 67, 68, 70, 79
Content knowledge, practices integrated with, 11, 78
Context for improving science education, 1, 7
Convection, 123, 124, 126, 179, 181, 182, 237
Core ideas (see Disciplinary core ideas)

Council of Chief State School Officers, 19
Council of Elementary Science International, 344
Council of State Science Supervisors, 18, 331, 344
Course structure, 12
Crosscutting concepts, 3 (see also Cause-and-effect mecha-

nisms; Energy; Matter and energy; Patterns and 
pattern recognition; Scale, proportion, or quantity; 
Stability and change; Structure and function; Systems 
and system models)

 importance, 83
 interconnections with core disciplinary ideas, 30, 101
 public feedback on, 341
 research base, 30, 84
Cultural issues, 28 (see also Equity in education)
 ecosystem knowledge, 307
 storytelling and arguments from evidence, 29, 285-286, 

287
Curriculum and instructional materials
 framework impact on, 2, 321
 implementation of framework, 246-249
 important aspects, 247-249
 integrating dimensions into, 2, 219, 230-240, 247, 

338-339
 research and development agenda, 316-317
 standards and, 2, 321

D
Data analysis and interpretation
 communicating findings, 63
 constructing explanations, 68
 engineering design, 51, 53, 62
 goals, 62-63
 learning progressions, 63
 mathematical representation, 65-66, 91
 organizing data, 61, 62
 pattern recognition and, 51, 61, 62, 63, 65, 66, 94, 131, 

197
 science, 61
 tools, 62
Databases and data sets, 62, 66
Designing solutions, 49 (see also Engineering design)
Development of framework (see also Public feedback on 

report; Vision for K-12 science and engineering 
education)

 approach, 15-18
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 Atlas of Science Literacy and, 13, 303
 Benchmarks for Science Literacy and, 13, 16, 17, 23, 

30, 89, 103, 141, 301
 charge to committee, 15, 16
 design teams, 17
 NRC reports and, 23
 NSES and, 13, 16, 17, 23, 30, 91-92, 103, 141, 242, 

301, 332, 340
 rationale for, 1, 8-10
 research base, 2
 Science College Board Standards for College Success 

and, 13, 17, 23, 30, 141, 218, 230, 303
 Science Framework for the 2009 NAEP and, 13, 16, 17, 

23, 303
Disciplinary core ideas (see also Earth and space sciences; 

Engineering and technology; Life sciences; Physical 
sciences

 criteria for, 31
 crosscutting concepts, 31
 development, 17, 31
 domains, 31
 grade band endpoints, 33-34
 information resources, 348-354
 learning progressions, 26, 33-34
 public feedback on, 341-343
 rationale for delimiting, 11, 25, 30-31, 32-33
 structure, 31-32
 and understanding of science, 25
Disease transmission, prevention, and treatment, 9, 43, 47, 

67, 87, 151, 152, 202
DNA, 85, 87, 144, 145, 148, 158, 159, 160, 161, 162, 

163, 223
Dynamic equilibrium, 98, 99-100

E
Earth and human activity
 cause-and-effect mechanisms, 167, 187, 192
 global climate change, 187, 196-198
 grade band endpoints, 192, 193-194, 195-196, 198
 human impacts on earth systems, 156-157, 167, 

194-196
 natural hazards, 170, 172, 191, 192-194 
 natural resource use, 161, 170, 191-192, 195, 196, 197, 

212, 213
 patterns in, 191-192, 193, 195

Earth and space sciences (see also Earth and human 
activity; Earth systems; Space sciences)

 chemical reactions, 110
 Earth-centric approach, 170
 information resources, 170, 172, 352-353
 and life sciences, 169
 patterns in, 173, 174, 175, 176, 178, 182-183, 186, 

187, 188, 191-192, 193, 195, 197
 and physical sciences, 169
 public feedback on, 342-343
 relevance to human society, 172-173
 scale in, 100, 169, 170, 179, 180, 181, 182-183, 186, 

188, 238
Earth systems (see also Weather and climate)
 atmosphere, 54, 57, 64, 95, 100, 103, 110, 148, 153, 

154, 169, 179, 180, 181, 184, 185, 186, 187, 188, 
189-190, 191, 192, 194, 197-198, 223

 biogeology, 189-190
 biosphere, 139, 150, 153, 154, 169, 179, 180, 181, 

189, 190, 191, 192, 194, 196, 197-198
 carbon cycle, 110, 153, 154, 180, 189-190, 198, 223
 cause-and-effect mechanisms, 179-180, 181, 185, 187, 190
 geosphere, 139, 153, 154, 169, 179, 180, 181, 189
 grade band endpoints, 180-182, 183, 184-186, 188-189, 

190
 hydrosphere, 169, 179, 181, 189, 190
 interconnections and feedbacks, 169-170, 181
 materials and systems, 179-182
 matter and energy flows, 169, 179-180, 182
 patterns in, 182-183, 185
 plate tectonics and large-scale interactions, 97, 177, 

178-179, 180, 181, 182-183
 scale of interactions, 181
 stability and change in, 180
 water and surface processes, 179, 180, 181, 184-186
Earthquakes, 132, 172, 178, 182-183, 192, 193, 194
Economic sciences, 10, 13-14, 62, 128, 130, 191, 192, 

193, 197, 202, 205, 212, 213, 299, 306
Ecosystems
 carrying capacities, 151, 152, 154
 cause-and effect mechanisms, 86, 89, 93, 167
 cultural knowledge of, 307
 data representation, 86
 defined, 150
 dynamics, functioning, and resilience, 100, 140, 141, 

154-156
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 grade band endpoints, 151-152, 153-154, 155-157
 human (anthropogenic) impacts on, 141, 155, 156-157, 

166, 167, 184, 195
 interdependent relationships in, 86, 140, 143, 150-152
 introduced species, 152, 155, 167
 matter and energy flows, 140, 147, 148, 150, 152-154, 

189, 223
 modeling/models, 93, 101, 153-154
 patterns in, 86, 101, 152, 155
 services, 166, 167
 social interactions and group behavior, 140, 156-157
 stability, 100, 152
 structure and function, 150
Einstein, Albert, 64
Einstein Fellows, 344
Electric power generation, 128, 130
Electrical energy, 123, 125, 128
Electromagnetic force, 88, 109, 111, 113, 116, 117-118, 

121, 123, 126, 127, 239
Electromagnetic radiation, 64, 112, 121, 122, 130, 133-

136, 149, 188
Energy (see also Forces and motion)
 binding energy in molecules, 109, 110, 111, 112, 

239-240
 cause-and-effect mechanisms, 125-126, 237
 chemical energy, 111, 122, 123, 148, 223
 in chemical processes and everyday life, 128-130
 conservation of, 110, 120-121, 123, 124-126, 128, 148, 

153, 154, 175, 223, 238
 crosscutting concepts, 84
 definitions of, 120-124
 electric and magnetic fields, 64, 109, 121, 122, 133, 

135, 239
 electrical energy, 123, 125, 128
 and forces, 126-127
 grade band endpoints, 122-124, 125-126, 127, 129-130 
 kinetic (motion) energy, 110, 111, 121, 122, 123, 124, 

126
 mechanical energy, 122-123
 modeling and mathematical expressions, 123-124, 126
 patterns, 121
 photosynthesis, 104, 128, 129, 130, 146, 147, 148, 153, 

154, 180, 187, 189, 223
 “producing” or “using” in everyday life, 128-130
 scale of manifestations and, 121, 122, 123-124, 127, 238
 in systems, 120-121, 123, 124-126, 128

 terminology, 96, 122
 thermal energy, 121, 122, 123, 125, 130, 136, 180, 181 

(see also Heat)
 transfer between objects or systems, 93, 110, 120, 121-

122, 124-126
 stored (potential) energy, 96, 121-122, 123, 124, 126, 

127, 128, 129, 130, 221
Energy efficiency, 128-129, 130
Engineering and technology
 defined, in K-12 context, 11-12, 202
 distinguishing science from, 50-53, 62
 goals, 55, 68-69
 public feedback on, 336-338, 343
 rationale for inclusion, 2
 standards, 204
Engineering in K-12 Education, 23
Engineering design
 argumentation and analysis, 48, 52, 72
 cause-and-effect mechanisms, 87, 88, 98-99, 169-170
 communicating information, 53, 54, 57, 75, 77, 206, 

207, 208
 creative process, 46-47, 49, 52, 68-69, 70-71, 206-208
 data analysis and interpretation, 51, 53, 62, 207
 defining and delimiting problems, 50, 54-56, 204-206
 grade band endpoints, 205-206, 207-208, 209-210
 investigations, 50, 59-61
 learning progressions, 56, 70-71, 93
 mathematics and computational thinking, 51, 65
 matter and energy flows and, 95
 models and simulations, 45-46, 50, 51, 57-58, 62, 65, 

77, 93, 94, 206-207, 208, 210, 212
 optimizing solutions, 208-210
 and pattern recognition, 51, 70, 86
 practices, 45-47, 49, 52, 58, 65, 68-69, 70-71
 scale in, 89, 90-91, 206
 systems and system models, 12, 30, 46, 50, 57, 86, 88, 

94, 98-99, 128-129, 130, 133, 202, 204, 205, 206, 
208, 214

Engineering–technology–science links, 32, 203
 grade band endpoints, 211-212, 213-214
 influences on society and natural world, 212-214
 interdependence, 210-212
Epistemic knowledge and practices, 78, 79, 250
Equity in education, 28-29 (see also Cultural issues)
 in assessments, 289-290
 capacity to learn, 279-280
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 cultural context for learning, 283-284
 culturally valued knowledge and practices, 287
 definition of equity, 278
 discourse practices of youth and, 285-286
 equalizing opportunities, 280-282
 inclusive instruction, 283-287
 prior interest and identity and, 286-287
 public feedback on, 340
 in standards representing diversity, 288
 sources of inequity, 279
Estimation, 91, 206
Evaporation and condensation, 98, 104, 108, 184, 185, 

233, 234, 235, 236
Evolution (see Biological evolution)
Extinction of species, 154, 155, 161, 162, 165, 166, 167, 

177, 178, 189, 190, 191, 194, 196

F
Feedback mechanisms in systems, 98-99, 101, 119, 120, 

145, 169-170, 181, 190
Food webs, 147, 151-152, 153, 154
Forces and motion
 cause-and-effect mechanisms, 113, 114, 115-116, 127
 Coulomb’s law, 117, 118
 electromagnetism, 88, 109, 111, 113, 116, 117-118, 

121, 123, 126, 127, 239
 energy transfers, 116, 120, 127
 friction, 115, 116, 117, 122, 125, 128-129, 130
 grade band endpoints, 115-116, 127
 gravity/gravitational forces, 64, 88, 92, 100, 113, 116, 

117-118, 121-122, 123, 126, 127, 169, 173, 175, 
176, 179, 180, 181-182, 184, 185

 measurement, 114, 115
 models, 93, 116, 117, 118, 127
 momentum, 115, 116
 Newton’s laws, 114, 115, 116, 118, 175
 patterns in, 115, 116-117, 118, 119, 121, 127, 130, 

173, 174, 175, 178, 181, 185
 scale and, 114, 116-117, 118, 175
 strong nuclear force, 88, 111, 113, 116, 117, 118, 240
 and structure and function, 117
 in systems and system models, 88, 94, 113, 115, 116, 

119, 120, 127, 176
 weak nuclear force, 88, 111, 112, 113, 116, 117, 118
Fossil fuels, 50, 110, 128, 180, 183, 189, 190, 191, 197, 

198

Fossils and fossil record, 161, 162-163, 169, 177, 178, 183
Friction, 115, 116, 117, 122, 125, 128-129, 130

G
Gamma radiation, 112, 134, 136
Genes, 88, 139, 140, 143, 145, 144, 147, 157, 158-159, 

160, 161, 164, 166
Geography, 14, 186, 188
Global climate change, 155, 171, 187, 196-198
Grade band endpoints, 17 (see specific crosscutting issues 

and disciplines)
Graphical and pictorial representations, 51, 58, 61, 62, 63, 

65, 66, 74, 76, 77, 91, 93, 206
Gravity/gravitational forces, 64, 88, 92, 100, 113, 116, 

117-118, 121-122, 123, 126, 127, 169, 173, 175, 
176, 179, 180, 181-182, 184, 185

H
Hands-On Science Partnership, 344
Heat, 123, 125
Heat transfer, 128
 conduction, 119, 123, 124, 126, 206, 235, 237
 convection, 123, 124, 126, 179, 181, 182, 237
 models, 124
 radiation, 122, 123, 124, 125, 126, 130, 174, 180, 186, 

188
Helium, 55, 112, 113, 173
Heredity
 artificial selection, 164
 cause-and-effect mechanisms, 145, 157-158, 160, 161
 chromosomes, 144, 146-147, 157, 158, 159, 160, 161
 DNA, 85, 87, 144, 145, 148, 158, 159, 160, 161, 162, 

163, 223
 genes, 88, 139, 140, 143, 144, 145, 147, 157, 158-159, 

160, 161, 164, 166
 grade band endpoints, 158-159, 160-161
 inheritance of traits, 158-159
 mutations, 140, 143, 157-158, 159, 160, 161, 165
 variation of traits, 160-161
Human (anthropogenic) impacts, 141, 155, 156-157, 166, 

167, 184, 195
Hydrogen, 110, 111, 112, 113, 128, 148, 173, 223
Hypothesis formulation and testing (science), 43, 44, 45, 

59, 60, 61, 62, 67, 76, 78, 79, 84, 87, 139
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I
Ideal gas law, 57
Implementation of framework
 assessing individual student’s understanding, 315
 assessing student engagement, 314
 assessment, 260-265
 coherence in the system and, 2, 244-245
 complexity of science education system and, 243-245
 core questions about, 312-315
 curriculum and instructional materials, 246-249
 key components of science education, 242-245
 learning and instruction, 250-255
 norms and practices, 314
 organizational barriers, 324
 preconceptions of students and, 313
 progression of student understanding, 313
 public feedback on, 340
 research and development agenda, 312-320
 teacher development, 255-260
Information acquisition and evaluation (see Reading sci-

ence texts)
Instruction (see also Curriculum and instructional 

materials)
 building on prior interest and knowledge, 25, 26, 28, 

59, 60-61, 83-84, 286-287, 302, 338
 inclusive, 283-287
 strands of proficiency and, 253-255
 on systems and system models, 94
Integrating dimensions
 in curriculum and instruction, 2, 219, 230-240, 247, 

338-339
 grades K-2 endpoint and progression, 231-233
 grades 3-5 endpoint and progression, 233-236
 grades 6-8 endpoint and progression, 236-238
 grades 9-12 endpoint and progression, 239-240
 life sciences example, 220-223
 performance expectations, 218-230
 physical sciences example, 224-229, 230-240
 public feedback on, 338-339
 in standards development, 2, 218
International Technology and Engineering Education 

Association, 344
Investigations
 controls, 59, 61
 correlations, 61
 engineering design projects, 50, 59-61

 goals, 59-60
 hypothesis or model testing, 59, 61
 kinds of, 61
 learning progressions, 60-61
 measurements and instrumentation, 59-60, 61
 planning and implementation, 59-61

K
Kinetic (motion) energy, 110, 111, 121, 122, 123, 124, 126

L
Language (see Terminology and language of science)
Learning
 argumentation and, 250, 251, 255
 instruction approaches and, 250-255
 strands of proficiency, 251-255
Learning progressions
 argumentation and analysis, 34, 56, 73-74, 89, 220, 

222, 223, 228, 229, 238, 239
 asking questions and defining problems, 56
 boundary statements, 34
 cause-and-effect mechanisms, 88-89, 223
 constructing explanations, 69-70
 data analysis and interpretation, 63
 designing solutions, 70-71
 for disciplinary core ideas, 33-34
 engineering design, 56, 70-71, 93
 evaluation and communication of information, 76-77
 framework vision, 10-11
 grade band endpoints, 33-34
 investigation planning and implementation, 60-61
 mathematics and computational thinking, 66-67
 model development and use, 58-59
 pattern recognition, 60, 66, 70, 86-87, 88, 101, 233
 for practices, 34, 56, 58-59
 prior conceptions and, 25, 26
 public feedback on, 343-344
 research and development agenda, 315-316
 scale, proportion, or quantity, 36, 90-91, 233, 238, 239
 systems and system models, 93-94, 230, 233, 235
 and understanding of science, 26
Learning Science in Informal Environments, 23, 252, 298
Life sciences 
 cause-and-effect mechanisms, 140, 145, 157-158, 160, 

161, 167
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 chemical reactions, 110, 111, 148
 core ideas, 140-141 (see also Biological evolution; 

Ecosystems; Heredity; Organisms, living)
 information resources for framework, 141, 349-351
 patterns in, 139, 152, 155
 public feedback on, 342
 scale, proportion, or quantity in, 100, 139, 140, 143, 

144
Light, 70, 89-90, 104, 106, 112, 113, 114, 115, 116, 121, 

122, 123, 125, 128, 130, 131, 133-135, 136, 137, 
147, 148, 149, 151, 153, 174, 189, 222, 223 (see 
also Electromagnetic radiation; Photons; Waves)

Literacy, science (see Communicating information; Reading 
science texts; Terminology and language of science)

M
Magnets and magnetic fields, 116, 117-118, 121, 123, 127, 

181, 182 (see also Electromagnetic radiation)
Mass, 64, 90, 96, 107, 108, 109, 111, 114, 115, 116, 118, 

121, 123, 126, 174, 180, 227, 233, 234, 236
Massachusetts Department of Education, 344
Mathematical representations, 56, 57, 65-66, 86, 91
Mathematics and computational thinking, 49
 applications, 64-65
 communicating information through, 64, 74, 206
 data analysis and evaluation, 61, 62, 63, 65, 66
 engineering, 51, 65
 goals, 65-66
 learning progression, 66-67
 modeling, 51, 65, 66-67, 90, 94, 114, 116, 118
 and pattern recognition, 51, 64, 65, 66, 86, 94
 scale and, 91
 scientific investigation, 51, 64-65
 statistics and statistical analysis, 14, 15, 51, 61, 63, 65, 

66, 91
 systems and system models, 51, 57, 64-65, 67, 94, 126
 tools, 64-65
Mathematization, 16
Matter and energy (see also Energy)
 atoms and atomic theory, 34, 57, 64, 79, 86, 87-88, 89, 

92, 94, 96, 97-98, 100, 101, 103, 106-107, 108-109, 
110, 111, 112, 113, 114, 117, 118, 121, 122, 123, 
124, 125, 134, 135-136, 140, 143, 153-154, 173, 
225, 227, 229, 230, 233, 236-237, 238, 239-240, 
303

 chemical reactions, 106, 109-111, 148
 collision theory, 110
 conservation of, 84, 86, 94-96, 106, 108, 109, 110-111, 

112, 120-121, 123, 124-126, 128, 148, 153, 154, 
175, 222, 223, 226, 228, 230, 233-234, 236, 238

 crosscutting concepts, 84, 93, 94-96
 cyclic, 96, 110
 ecosystem transfers of, 140, 147, 148, 150, 152-154, 

189, 223
 electrical attractions and repulsions, 107
 engineering design and, 95
 grade band endpoints, 108-109, 110-111, 113, 147-148, 

230-240
 incorrect beliefs and misconceptions, 96
 learning progression, 95-96, 230-240
 models, 58, 95, 97-98, 106, 108, 109, 110, 153
 molecules, 58, 86, 92, 94, 96-98, 106, 107, 108, 109, 

110, 111, 119, 120, 121, 123, 124, 125, 128, 129, 
130, 139, 140, 144, 145, 147, 148, 153, 154, 158, 
161, 223, 225, 227, 236-237, 238, 239-240, 303

 nuclear processes, 88, 96, 106, 111-113, 116, 117, 118, 
128, 130, 134, 136, 173, 240

 pattern recognition, 86-87, 106, 109, 223, 227, 228, 
230

 performance expectations example, 224-229
 periodic table of elements, 106, 109, 227, 239
 stability and change, 109
 state changes, 70, 107, 108, 109, 110, 226, 227, 231, 

232, 235-236, 237, 238
 structure and properties, 106-109, 224-240
 in systems and system models, 84, 92, 93, 94-95, 96, 

106, 110, 119, 120-122, 123, 124-126, 128-129, 
147, 148, 150, 152-154, 169, 179, 223, 239

 terminology, 96
 water cycle, 95
Maxwell’s equations, 64
Measurement and units, 90-91, 205, 231
Measurement error, 63
Mechanical energy, 122-123
Milky Way galaxy, 174
Minnesota Department of Education, 344
Mitosis, 145, 146
Model-It, 59
Modeling/models (see also Systems and system models)
 assumptions and approximations in, 93, 94
 cause-and-effect mechanisms, 79, 86, 88, 93, 221, 229
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 communicating information, 34, 45-46, 56, 57, 58, 63, 
66, 77, 90, 92, 94, 198, 206, 207, 208, 210, 252

 computer simulations, 45-46, 56, 57, 58, 66, 92, 198, 
210

 conceptual, 56-57
 constructing explanations, 67, 68, 70, 79
 ecosystems, 93, 101, 153-154
 energy, 123-124, 126
 engineering applications, 45-46, 50, 51, 57-58, 62, 65, 

77, 93, 94, 206-207
 evaluation and refinement, 57, 59, 62
 forces and motion, 93, 116, 117, 118, 127
 goals, 58
 heat transfer, 124
 learning progressions, 58-59, 93-94
 limitations, 56, 58
 mathematics and, 51, 65, 66-67, 90, 94, 114, 118
 matter and energy flows, 58, 95, 97-98, 106, 108, 109, 

110, 153
 mental, 56, 100
 organisms, 93
 purposes of, 94
 reflecting on applications of, 78
 reliability and precision, 93
 scale and, 90, 100, 101, 122, 123-124, 127, 206
 science applications, 57, 67
 space science, 176
 specifications, 93
 theories, 67, 68, 70, 79
 tools, 59
Molecules, 58, 86, 92, 94, 96-98, 106, 107, 108, 109, 110, 

111, 119, 120, 121, 123, 124, 125, 128, 129, 130, 
139, 140, 144, 145, 147, 148, 153, 154, 158, 161, 
223, 225, 227, 236-237, 238, 239-240, 303

Momentum, 115, 116
Motion and stability (see also Forces and motion)
 grade band endpoints, 115-116, 117-118, 119-120
 interaction types, 116-118
 stability/instability in physical systems, 118-120
Mutations, 140, 143, 157-158, 159, 160, 161, 165

N
National Aeronautics and Space Administration
 Science Education and Public Outreach, 344
 Science Mission Directorate Education Community, 345

National Assessment of Educational Progress (NAEP), 141, 
262, 263 (see also Science Framework for the 2009 
National Assessment of Educational Progress)

 Technological Literacy Assessment, 263
National Association of Biology Teachers, 345
National Association of Geoscience Teachers, 345
National Association of Research in Science Teaching, 345
National Council for the Social Studies, 13-14
National Curriculum Standards for Social Studies, 13
National Earth Science Teachers Association, 345
National Governors Association, 19
National Middle Level Science Teachers Association, 345
National Research Council (NRC), 14, 23, 96, 242, 298, 

312
National Science Education Leaders Association, 345
National Science Education Standards, 13, 16, 17, 23, 30, 

91-92, 103, 141, 242, 301, 332, 340
National Science Teachers Association (NSTA), 18, 23, 30, 

331, 345
Natural hazards, 170, 172, 191, 192-194 
Natural resources, 161, 170, 171, 191-192, 195, 196, 197, 

212, 213
 consumption, 195, 196
Natural selection, 141, 143, 161, 162, 163-164, 165, 166
NetLogo, 59
Neurobiology, 13, 143
New Hampshire Department of Education, 345
Newton’s laws, 114, 115, 116, 118, 175
Nitrogen cycle, 180
North American Association for Environmental Education, 

345
Nuclear processes, 87-88, 96, 106, 111-113, 116, 117, 

118, 128, 130, 134, 136, 173, 240
 fission, 111, 112, 113, 128
 fusion, 111, 112, 113, 130, 173
 radioactive decay, 87-88, 111, 112, 113, 117, 118, 125, 

178, 182, 183, 186

O
Ocean science, 334, 336
Orders of magnitude, 90
Organisms, living
 grade band endpoints, 144-145, 146-148, 149-150
 growth and development, 140, 145-147
 information processing, 149-150
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 matter and energy flows in, 130, 147-148, 220-223
 models and representations, 93
 performance expectations example, 220-223
 structure and function, 96, 139, 140, 143-145, 147
 system pespective, 92, 99, 107, 140, 143, 144-145, 147, 

148

P
Parsimony, 48
Patterns and pattern recognition, 3
 analyzing and interpreting data, 51, 61, 62, 63, 65, 66, 

94, 131, 197
 argumentation from evidence of, 71
 and asking questions, 55, 84, 85, 86, 236
 and cause-and-effect relationships, 86, 88-89
 in classification, 85, 86-87, 222
 cyclical, 98, 119, 176
 definition of concept, 84
 in earth and space sciences, 173, 174, 175, 176, 178, 

182-183, 186, 187, 188, 191-192, 193, 195, 197
 energy, 121
 in engineering design, 51, 70, 86
 in forces and motion, 115, 116-117, 118, 119, 121, 

127, 130, 173, 174, 175, 178, 181, 185
 of interactions, 115, 116-117, 118, 119, 121, 127, 130, 

152
 learning progressions, 60, 66, 70, 86-87, 88, 101, 233
 in life sciences, 139, 152, 155
 mathematics and computational thinking and, 51, 64, 

65, 66, 86, 94
 matter structure and properties, 106, 109, 223, 227, 

228, 230
 natural resource use, 191-192
 in physical sciences, 106, 109, 115, 116-117, 118, 119, 

121, 127, 130, 131, 132-133, 223, 227, 228, 230, 
239

 representation of data and, 65, 66, 86, 133, 183
 scale and, 86-87
 in science, 47-48, 51, 78, 84-85, 86
 and stability/instability, 98, 99, 101, 118, 120
 systems and system models, 182-183, 188, 195, 229
Peer review, 71, 73, 74, 75, 78
Periodic table, 106, 109, 227, 239
Photoelectric effect, 122

Photons, 112, 122, 135
Photosynthesis, 104, 128, 129, 130, 146, 147, 148, 153, 

154, 180, 187, 189, 223
Photovoltaic materials, 133, 136
Physical scale models and prototypes, 34, 46, 58, 63, 77, 

90, 206, 207, 208, 252
Physical sciences (see also Energy; Forces and motion; 

Matter and energy; Motion and stability; Waves)
 cause-and-effect mechanisms in, 100, 103, 107, 112, 

113, 114, 115-116, 125-126, 127, 132, 223, 229, 
237

 core ideas, 103-105
 information resources for framework, 103, 349
 mathematics and computational thinking, 64
 patterns in, 106, 109, 115, 116-117, 118, 119, 121, 

127, 130, 131, 132-133, 223, 227, 228, 230, 239
 public feedback on, 342
 scale, proportion, or quantity in, 103, 108, 109, 110, 

111, 112, 114, 116-117, 118, 119, 121, 122, 238
 systems and system models, 103, 107, 110, 113, 114, 

115, 116, 118-120
Plate tectonics, 97, 177, 178-179, 180, 181, 182-183
Political science, 13, 14
Practices of science and engineering (see also Modeling/

models)
 argumentation and analysis, 27, 44, 46, 48, 49, 52, 

71-74
 asking questions (science) and defining problems (engi-

neering), 49, 50, 54-56
 for classrooms, 49-77
 collaboration, 27, 53
 communicating findings, 53, 56, 57, 61, 62, 63, 65, 66, 

74-77
 constructing scientific explanations, 49, 51, 67-68, 

69-70
 content integrated with, 11, 25, 26-28, 43, 78-79
 crosscutting concepts and, 42
 data organization, analysis, and interpretation, 49, 51, 

61-63, 65, 66, 68
 defined, 30
 design development (engineering), 45-47, 49, 52, 58, 65, 

68-69, 70-71
 distinguishing science from engineering, 50-53, 62
 evaluation-based approach, 46, 53, 74-77
 goals, 55, 58, 60, 62-63, 65-66, 69, 72-73, 75-76
 inquiry-based approach, 30, 41, 44-45, 63
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 investigation planning and implementation, 45, 49, 50, 
55, 59-61

 learning progressions, 26, 34, 56, 58-59, 60-61, 63, 
66-67, 69-71, 73-74, 76-77

 mathematics and computational thinking, 49, 51, 61, 
62, 63, 64-67

 public feedback on, 340-341
 rationale for, 41, 42-46
 references consulted for, 347-348
 reflecting on, 78-79
 research and development agenda, 316
 “scientific method” myth, 44, 78
 spheres of activity, 44-46
 standards and, 10
 understanding how scientists work, 43-44
Pressure
 and rock formation, 180
 temperature and, 96-97, 107, 109, 112, 113, 180, 227, 

237
 waves, 131
Principles of the framework
 building on prior interests and experience, 28
 capacity of children to learn, 24-25
 core ideas and practices, 25-26
 equity in education, 28-29
 knowledge and practice, 26-28
 learning progressions, 26
Prior conceptions, 25
Prisms, 135
Procedural knowledge, 78-79
Programme for International Student Assessment (PISA), 

141, 262-263
Proportionality, 90, 91, 110, 121, 123, 166
Psychology, 10, 13-14, 143, 212, 301, 334, 335, 336, 342
Public feedback on report, 18
 audience, 333
 connections to math and literacy, 339-340
 content suggestions, 334-336
 crosscutting concepts, 341
 disciplinary core ideas, 341-343
 diversity and equity issues, 340
 earth and space sciences, 342-343
 engineering and technology, 336-338, 343
 implementation, 340
 integration of three dimensions, 338-339
 learning progressions, 343-344

 life sciences, 342
 organizations involved in, 344-345
 overarching issues, 332-340
 physical sciences, 342
 purpose of document, 333
 quality of writing, 333
 quantity of material, 338
 scientific and engineering practices, 340-341

Q
Quantities and quantitative relationships, 51, 65, 88, 89, 

90, 91, 98, 106, 107, 115, 124, 126
Quantum physics, 64, 116, 122, 133, 135, 137

R
Radioactive decay, 87-88, 111, 112, 113, 117, 118, 125, 

178, 182, 183, 186
Radiometric dating, 112, 113
Reading science texts, 53, 74, 75, 76-77, 258-259
Reasoning ability of young children, 24-25
Relativity, 64, 116
Reproduction, 140, 144, 145-146, 147, 151, 152, 157, 

158, 159, 160, 161, 163-164, 165-166
Research and development agenda
 accountability, 323-324
 assessment, 314-315, 317-319, 323-324
 core questions behind, 312-315
 curricular and instructional materials, 316-317, 321
 educational experiences, 313-314
 implementation of framework, 212-220
 key areas, 315-320
 learning progressions, 315-316
 norms and practices, 314
 organizational issues, 324
 practices, scientific and engineering, 316
 preconceptions of student, 313
 progression of student understanding, 313
 standards influence, 320-324
 teacher and administrator development, 319-320, 

322-323
Rhode Island Department of Elementary and Secondary 

Education, 345
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S
Scale, proportion, or quantity
 and cause-and-effect mechanisms, 88, 111, 113
 definition of concept, 84, 85
 in earth and space sciences, 169, 170, 173, 175, 178, 

179, 180, 181, 182-183, 186, 188, 238
 in engineering, 89, 90-91, 206
 and force and motion, 114, 116-117, 118, 175
 learning progression, 36, 90-91, 233, 238, 239
 in life sciences, 100, 139, 140, 143, 144
 and mathematics and computational thinking, 91
 measurement and units, 90-91, 205, 231
 and modeling, 90, 100, 101, 122, 123-124, 127, 206
 orders of magnitude, 90
 and pattern recognition, 85, 86-87, 186
 in physical sciences, 103, 108, 109, 110, 111, 112, 114, 

116-117, 118, 119, 121, 122, 238
 proportionality, 90, 91, 110, 121, 123, 166
 quantities and quantitative relationships, 51, 65, 88, 89, 

90, 91, 98, 106, 107, 115, 124, 126
 in scientific studies, 89
 spatial, 170, 179, 180
 and stability changes, 99, 100, 101, 114, 119
 and structure and properties, 86, 96-97, 103, 107, 109, 

110, 117, 143, 238, 239
 in systems and system models, 92, 182-183, 186, 188, 

230, 303
 temporal, 89-90, 99, 100, 112, 139, 169, 178, 180, 

182, 186, 188
Science (see also specific disciplines and practices)
 defined, in K-12 context, 11
 goals, 55, 69
 nature of, 334, 336
Science Anchors project, 23, 30
Science College Board Standards for College Success, 13, 

17, 23, 30, 141
Science education system
 coherence, 244-245
 complexity, 243-245
Science Framework for the 2009 National Assessment of 

Educational Progress (NAEP), 13, 16, 17, 23, 303
Skills (see Practices)
Social interactions and group behavior, 140, 156-157
Sociology, 13, 14, 212
Solar cells/energy, 50, 130, 134, 143, 211

Solar system, 117, 118, 169, 170, 173, 174, 175-176, 177, 
179, 180, 263

Sound, 104, 121, 122, 123, 124, 125, 130, 131, 132, 135, 
136-137, 231

Space sciences (see also Earth and space sciences)
 cause-and-effect mechanisms, 175, 176
 Earth’s place in universe, 170, 173-174
 grade band endpoints, 174, 176, 177-179
 gravity/gravitational forces, 64, 88, 92, 100, 113, 116, 

117-118, 121-122, 123, 126, 127, 169, 173, 175, 
176, 179, 180, 181-182, 184, 185

 Kepler’s laws, 175
 models/modeling, 176
 nuclear processes, 112, 113, 173
 planetary history of Earth, 100, 170, 176-178, 181-182
 rotation and tilt of Earth, 175-176
 scale in, 100, 173, 175, 178
 seasonal variations, 175-176
 solar system, 117, 118, 169, 170, 173, 174, 175-176, 

177, 179, 180, 263
 systems and system models, 118
 universe and stars, 67, 112, 113, 173-174
Speciation, 154, 155, 161, 165, 166, 167
Speed of light, 114, 115, 116, 134, 135, 136, 137
Spreadsheets, 59, 62, 63, 66
Stability and change
 cause-and-effect mechanisms, 98, 100
 dynamic equilibrium, 99-100
 in ecosystems, 100, 152
 feedback loops, 98-99, 101
 homeostasis, 119, 143
 patterns in, 98, 99, 101, 118, 120
 progression, 100-101
 scale and, 99, 100, 101, 114, 119
 in systems, 84, 98-99, 100, 101, 113, 114, 118-120, 

125, 126, 150, 152, 154-155, 169, 180, 239
Standards (see also National Science Education Standards)
 alignment with other K-12 subjects, 306-307
 and assessment and accountability, 2, 218, 323-324
 boundary statements, 301-302
 and curriculum and instructional materials, 2, 218, 321
 development, 2, 8, 19-20
 equity and diversity in, 280, 307-308
 and fragmentation of education, 10
 grade band progressions, 304-305
 grade-by-grade progressions, 305
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 learning goals, 298-299
 learning progressions, 302-304
 performance expectations, 218, 301
 recommendations, 298-308
 research and development agenda, 320-324
 research basis, 303-304
 resources, time, and teacher expertise, 305-306
 scientific and engineering practices, 300-301
 scientific rigor and accuracy, 299-300
 and teacher and administrator development, 2, 322-323
Statistics and statistical analysis, 14, 15, 51, 61, 63, 65, 66
Strands of proficiency, 250
 dimensions in framework and, 254-255
 and instruction approaches, 253-255
 and learning, 251-253
Strong nuclear force, 88, 111, 113, 116, 117, 118, 240
Structure and function
 definition of concept, 84, 85
 in ecosystems, 150
 forces and motion and, 117
 learning progression, 97-98
 and matter and energy flows, 106-109, 147, 224-240
 organisms, 96, 139, 140, 143-145
 scale and, 86, 96-97, 103, 107, 109, 110, 117, 143, 

238, 239
 in systems, 96, 97, 98
Structure of the framework (see also Disciplinary core 

ideas; Crosscutting concepts; Practices of science and 
engineering)

 dimensions, 29-33
 progressions across K-12, 33-34
Supernovas, 112, 113, 173, 174
Systems and system models (see also Earth systems; 

Ecosystems)
 biological, 107, 140, 143, 144-145, 147, 148
 cause-and-effect mechanisms, 87, 88, 89, 93, 103, 169-

170, 180, 181, 182-183, 188, 192, 195, 223, 229
 conservation of energy in, 120-121, 123, 124-126, 128
 cycles, 96, 98
 definition of concept, 84, 91-92
 dynamic equilibrium, 98, 99-100
 engineering design, 12, 30, 46, 50, 57, 86, 88, 94, 

98-99, 128-129, 130, 133, 202, 204, 205, 206, 208, 
214

 feedback mechanisms, 98-99, 101, 119, 120, 145, 169-
170, 181, 190

 forces and interactions within, 88, 94, 113, 115, 116, 
119, 120, 127, 176

 instruction, 94
 isolated systems, 92, 115, 235
 large-scale, 99, 118, 182-183
 learning progression, 93-94, 230, 233, 235
 mathematics and computational thinking and, 51, 57, 

64-65, 67, 94, 126
 matter and energy transfers, 84, 92, 93, 94-95, 96, 106, 

110, 119, 120-122, 123, 124-126, 128-129, 147, 
148, 150, 152-154, 169, 179, 223, 239

 models/modeling, 43, 46, 52, 57, 58, 59, 64-65, 67, 75, 
89, 92-96, 100, 101, 170, 197, 206, 207, 208, 211, 
212, 229, 230, 236

 patterns, 98, 99, 152, 173, 175-176, 182-183, 188, 195, 
229

 in physical sciences, 103, 107, 110, 113, 114, 115, 116, 
118-120

 potential energy, 121-122
 scale effects, 84, 90, 91, 92, 100, 103, 181, 182-183, 

186, 188, 230, 239, 303
 in space, 118
 stability and change in, 84, 98-99, 100, 101, 113, 114, 

118-120, 125, 126, 150, 152, 154-155, 169, 180, 
239

 structure and functioning of, 96, 97, 98
 subsystem interactions, 92, 93, 97, 103, 120-121, 144, 

179, 195
Systems for State Science Assessment, 23, 242, 264, 298

T
Tables and tabulating data, 61, 62, 63, 76, 77
Taking Science to School, 23, 24, 242, 250, 251, 253, 254, 

298
Teachers/teaching
 framework impact on, 322-323
 inservice development, 259-260
 literacy in science and engineering, 256-259
 preservice experiences, 257-259
 professional development, 2, 255-260, 319-320, 

322-323
 research and development agenda, 319-320
 research base, 257
 state licensure requirements, 257
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Technology (see Communications systems and devices; 
Engineering and technology)

Temperature
 body, 145, 148, 149, 220, 223
 and chemical reactions, 110-111
 data sets, 62
 ecosystem impacts, 99, 151, 155
 and electromagnetic radiation, 134
 energy transfer and, 112, 113, 121, 123, 124, 126
 feedback loops, 99
 mean surface, of Earth, 68, 100, 188, 189, 198
 misunderstandings about, 313
 and motion of particles, 120, 121, 123, 124, 229, 238
 ocean, 185
 and pressure, 96-97, 107, 109, 112, 113, 180, 227, 237
 and stability in systems, 119
 and state changes in matter, 70, 107, 108, 109, 110, 

226, 227, 231, 232, 235-236, 237, 238
 units and measurement, 91, 231, 313
 and weather and climate, 185, 186, 188
Terminology and language of science, 67, 74, 76-77, 95-96, 

100, 101, 115, 122, 123, 128, 247, 258, 285, 286
Theory
 application of, 52, 79
 defined, 67
 modeling, 67
Thermal energy, 121, 122, 123, 125, 130, 136, 180, 181
Torricelli, Evangelista, 54
Trends in International Mathematics and Science Study 

(TIMSS), 141
Triangle Coalition, 345

U
University of Colorado at Boulder Biology Educators 

Group, 345
University of Washington, Seattle, 345

V
Vermont Department of Education, 345
Vision for K-12 science and engineering education
 core ideas, 2, 11
 goals, 8-10
 learning progressions, 10-11

 limitations of framework, 11-15
 practices integrated with knowledge, 11
Volume, 90, 97, 107, 108, 231, 233, 235

W
Water
 abundance, 185-186
 evaporation and condensation, 98, 104, 108, 184, 185, 

233, 234, 235, 236
 cycle, 180, 184, 185
 grade band endpoints, 184-186
 matter and energy transfers, 96
 pattern recognition in, 185
 and surface processes, 179, 184-186
Waves
 amplitude, 132, 133
 cause-and-effect mechanisms, 132
 color reflection and absorption, 135
 electromagnetic radiation, 64, 112, 121, 122, 130, 133-

136, 149, 188
 energy transfer/conversion, 131, 133, 136
 frequency, 132
 grade band endpoints, 132-133, 134-136, 137
 information technologies and instrumentation, 104, 

130, 131, 132-133, 136-137, 342
 light, 70, 89-90, 104, 106, 112, 113, 114, 115, 116, 

121, 122, 123, 125, 128, 130, 131, 133-135, 136, 
137, 147, 148, 149, 151, 153, 174, 189, 222, 223

 modeling, 122, 132, 133, 135
 patterns, 130, 131, 132, 132-133
 photons, 112, 122, 135 (see also Light)
 properties, 131-133
 refraction, 132
 resonance, 131, 133
 seismic, 132, 181
 sound, 104, 121, 122, 131
 and structure and function, 131, 133
 in water, 132, 184
 wavelength, 125, 131-132, 134
Weak nuclear force, 88, 111, 112, 113, 116, 117, 118
Weather and climate
 Earth systems interactions and, 179, 180, 186-189
 El Niño Southern Oscillation conditions, 197
 feedback loops, 187
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 forecasting, 193
 global climate change, 43, 155, 156, 166, 175, 176, 

184, 187, 188, 189, 191, 196-198, 306
 grade band endpoints, 188-189, 193, 198
 greenhouse gases and, 186, 187, 188, 189-190, 197, 

198
 models/modeling, 189, 197, 198

 patterns in, 186, 187, 188, 197
 planetary motion and, 175, 176
 volcanic eruptions and meteoric impacts and, 187
Wisconsin Department of Public Instruction, 345

X
X-rays, 133, 136
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