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Foreword

This report brings together research literatures from cognitive and
developmental psychology, science education, and the history and philoso-
phy of science to synthesize what is known about how children in grades
K through 8 learn the ideas and practice of science. The resulting conclu-
sions challenge the science education community, writ large, to examine
some tenacious assumptions about children’s potential for learning about
science and, as a result, the priority of science in elementary schools. We
believe this research synthesis and the implications from it have the poten-
tial to change science education in fundamental ways.

For example, the repeated challenge from science educators is that
science education should be for “all” the children. This has been a difficult
challenge to meet. Although there is general agreement that all children
will and must learn to read, historically there has been far less agreement
that all children will and must learn science regardless of gender, race, or
socioeconomic circumstances.

That issue is addressed in this report. Taking Science to School speaks
in a clear, evidentiary-based voice. All young children have the intellectual
capability to learn science. Even when they enter school, young children
have rich knowledge of the natural world, demonstrate causal reasoning,
and are able to discriminate between reliable and unreliable sources of
knowledge. In other words, children come to school with the cognitive
capacity to engage in serious ways with the enterprise of science.

This finding leads to a sobering insight: as educators, we are underes-
timating what young children are capable of as students of science—the
bar is almost always set too low. Moreover, the current organization of

Copyright © National Academy of Sciences. All rights reserved.
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science curriculum and instruction does not provide the kind of support for
science learning that results in deep understanding of scientific ideas and
an ability to engage meaningfully in the practices of science. In sum, sci-
ence education as currently structured does not leverage the knowledge
and capabilities students bring to the classroom. For students from diverse
backgrounds, this problem is even more profound.

While sobering, this news also offers hope. At a time when significant
resources, thought, and hand-wringing are devoted to the state of science,
technology, engineering, and mathematics education in this country, it is
welcome news that children come to school far more ready and far more
capable to be science learners than previously thought. Indeed, this knowl-
edge should come as a breath of fresh air, a reason for renewed commit-
ment to science education, and most importantly, an invitation to action on
the part of researchers, school practitioners, and state and federal policy
makers.

In addition to addressing the issue of children’s capacity to engage in
science, this report provides a redefinition of what it means to be proficient
in science. It is a compelling and comprehensive framework. It will stretch
us to think beyond the artificial dichotomy between content and process in
science. It is comprehensive because it attends to the whole of science
learning.

Taking Science to School makes an important contribution to science
education. It has been some time since science education has received an
infusion of knowledge so central to the intersection of learning and sci-
ence. The Board on Science Education at the National Academies is pleased
to have coordinated this study. We think it exemplifies the central purpose
of the National Academies and the National Research Council (NRC), to
advise the nation on matters critical to science and policy in science,
engineering, and medicine. We are especially grateful to the sponsors of
this study—the National Science Foundation (NSF), the National Institute of
Child Health and Human Development (NICHD), and the Merck Institute
for Science Education (MISE). Through their sponsorship, each demon-
strated a deep commitment to the importance of science, science educa-
tion, and learning.

Consulting scientists for this study—Peter Raven, director, Missouri
Botanical Garden; Edward C. Roy, Jr., Department of Geology (emeritus),
Trinity University; Maxine Singer, Carnegie Institution of Washington, DC
(president emeritus); and Susan R. Singer, Department of Biology, Carleton
College—made important contributions to the study process for which they
deserve special recognition. They provided the study committee and staff
with advice and reflections from the perspective of individuals with signifi-
cant expertise in science content.
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Finally, the intellectual leadership demonstrated by co-study directors
Heidi Schweingruber and Andrew Shouse in guiding the work of this study
committee and the final report was outstanding. The board is grateful for
their significant contributions along with those of every member of the
study committee. The importance of this report to the science education
community was recognized early in the committee’s work. It became a
standard to inspire and guide their work throughout the process. We
recognize and thank them for their major contributions to the field of
science education.

Carl E. Wieman, Chair

C. Jean Moon, Director
Board on Science Education
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Executive Summary

At no time in history has improving science education been more im-
portant than it is today. Major policy debates about such topics as cloning,
the potential of alternative fuels, and the use of biometric information to
fight terrorism require a scientifically informed citizenry as never before in
the nation’s history. Yet after 15 years of focused standards-based reform,
improvements in U.S. science education are modest at best, and compari-
sons show that U.S. students fare poorly in comparison with students in
other countries. In addition, gaps in achievement persist between majority
group students and both economically disadvantaged and non-Asian minor-
ity students. In part, these achievement gaps mirror inequities in science
education and take on greater significance with the looming mandate of the
No Child Left Behind Act that states assess science beginning in the 2006-
2007 school year. Thus, science education in the United States has become a
subject of grave and pressing concern.

The charge to this committee was to answer three broad questions: (1)
How is science learned, and are there critical stages in children’s develop-
ment of scientific concepts? (2) How should science be taught in K-8 class-
rooms? (3) What research is needed to increase understanding about how
students learn science?

Our answers to the first question are embodied in our conclusions. Our
answers to the second question are embodied in our recommendations. We
also offer recommendations on professional development, a topic that de-
mands attention because of its relationship to the second question: how
science is taught ultimately depends on the teachers. Extensive rethinking of
how teachers are prepared before they begin teaching and as they continue

Copyright © National Academy of Sciences. All rights reserved.
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TakiNG SciENCE To ScHooL

teaching—and as science changes—is critical to improving K-8 science edu-
cation in the United States.

PROFICIENCY IN SCIENCE

Underlying all our conclusions and recommendations is a redefinition
of and a new framework for what it means to be proficient in science. This
framework rests on a view of science as both a body of knowledge and an
evidence-based, model-building enterprise that continually extends, refines,
and revises knowledge. This framework moves beyond a focus on the di-
chotomy between either content knowledge or process skills because con-
tent and process are inextricably linked in science.

Students who are proficient in science:

1. know, use, and interpret scientific explanations of the natural world;
2. generate and evaluate scientific evidence and explanations;
3. understand the nature and development of scientific knowledge; and
4. participate productively in scientific practices and discourse.

These strands of proficiency represent learning goals for students as well
as a broad framework for curriculum design. They address the knowledge
and reasoning skills that students must acquire to be proficient in science and,
ultimately, able to participate in society as educated citizens. They also incor-
porate the scientific practices that students need to demonstrate their profi-
ciency. The process of achieving proficiency in science involves all four
strands—advances in one strand support and advance those in another.

CONCLUSIONS: WHAT CHILDREN KNOW AND
HOW THEY LEARN

Changes in understanding of what children know and how they learn
have been profound in the past several decades. This new understanding is
central to formulating how science should be taught. In summary:

e Children entering school already have substantial knowledge of the
natural world, much of which is implicit.

e What children are capable of at a particular age is the result of a
complex interplay among maturation, experience, and instruction. What is
developmentally appropriate is not a simple function of age or grade, but
rather is largely contingent on their prior opportunities to learn.

e Students’ knowledge and experience play a critical role in their sci-
ence learning, influencing all four strands of science understanding.

Copyright © National Academy of Sciences. All rights reserved.
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e Race and ethnicity, language, culture, gender, and socioeconomic
status are among the factors that influence the knowledge and experience
children bring to the classroom.

e Students learn science by actively engaging in the practices of science.

e A range of instructional approaches is necessary as part of a full
development of science proficiency.

The commonly held view that young children are concrete and simplis-
tic thinkers is outmoded; research shows that children’s thinking is surpris-
ingly sophisticated. Yet much current science education is based on the old
assumptions and so focuses on what children cannot do rather than what
they can do. Children can use a wide range of reasoning processes that form
the underpinnings of scientific thinking, even though their experience is
variable and they have much more to learn.

Contrary to conceptions of development held 30 or 40 years ago, young
children can think both concretely and abstractly. As with most human char-
acteristics, there is variation across children at a given age and even varia-
tion within an individual child. Development is not a kind of inevitable
unfolding in which one simply waits until a child is cognitively “ready” for
abstract or theory-based forms of content. Instead, parents and teachers can
assist children’s learning, building on their early capacities. Adults play a
central role in promoting children’s curiosity and persistence by directing
their attention, structuring their experiences, supporting their learning at-
tempts, and regulating the complexity and difficulty of levels of information
for them. In the sciences, both teachers and peers can and must fill these
critical roles.

Children’s rich but naive understandings of the natural world can be
built on to develop their understandings of scientific concepts. At the same
time, their understandings of the world sometimes contradict scientific ex-
planations and pose obstacles to learning science. It is thus critical that
children’s prior knowledge is taken into account in designing instruction
that capitalizes on the leverage points and adequately addresses potential
areas of misunderstanding. To be successful in science, students need care-
fully structured experiences, instructional support from teachers, and oppor-
tunities for sustained engagement with the same set of ideas over weeks,
months, and even years.

Children’s experience varies with their cultural, linguistic, and economic
background. Such differences mean that students arrive in the classroom
with varying levels of exposure to science and varying degrees of comfort
with the norms of scientific practice. These differences require teachers’
sensitivity to cultural and other background differences and their willingness
and skill to adjust instruction in light of these differences. Adjusting for
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variation in students’ background and experience does not mean dumbing
down the science curriculum or instruction. All children bring basic reason-
ing skills, personal knowledge of the natural world, and curiosity, which can
be built on to achieve proficiency in science.

At present, a variety of factors result in inequities in science education
that limit the opportunities for many students to learn science. Classroom-
level factors related to instruction, such as teachers’ expectations or strate-
gies for grouping students, play a role in producing inequitable learning
opportunities for economically disadvantaged and minority children. At the
school, district, state, and federal levels, inequities in the quality of instruc-
tion and the qualifications of teachers, resources, facilities, and time devoted
to science result in widely different learning opportunities for different groups
of students. These inequities demand attention from policy makers, educa-
tion leaders, and school administrators, as well as researchers.

Students’ knowledge growth and reasoning are components of a large
ensemble of activities that constitute “doing science.” These activities in-
clude conducting investigations; sharing ideas with peers; specialized ways
of talking and writing; mechanical, mathematical, and computer-based mod-
eling; and development of representations of phenomena. To develop pro-
ficiency in science, students must have the opportunity to participate in this
full range of activities.

Instruction occurs in sequences of designed, strategic encounters be-
tween students and science. Any given unit of study may include episodes
that are highly teacher-directed as well as structured student-led activities.
Across time, quality instruction should promote a sense of science as a pro-
cess of building and improving knowledge and understanding. Students
should have experiences in generating researchable questions, designing
methods of answering them, conducting data analysis, and debating inter-
pretations of data.

RECOMMENDATIONS: WHAT, WHEN,
AND HOW TO TEACH

Our recommendations for standards, curricula, assessment, and instruc-
tion follow from our conclusions. However, in some areas the research base
is not robust enough to offer a detailed, step-by-step roadmap for nation-
wide action. Given the urgent need for improvement in science education,
the committee focused on the “best bets” that represent the most promising
work. They require additional documentation through continued research
and careful evaluation of implementation: by evaluating school, district, and
state initiatives, these best bets can be transformed into well-researched
alternatives for policy and practice. Our specific recommendations for re-
search are in Chapter 11.
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Science standards, curriculum, assessment, and instruction—as well as
professional development for teachers—should be conceived of, designed,
and implemented as a coordinated system. Standards and curriculum should
lay out specific, coherent goals for important scientific ideas and practices
that can be realized through sustained instruction over several years of K-8
schooling. Assessment should provide teachers and students with timely
feedback about students’ knowledge that, in turn, supports teachers’ efforts
to improve instruction. Teacher preparation and professional development
should be focused on developing teachers’ knowledge of the science they
teach, how students learn science, and specific methods and technologies
that support science learning for all students.

Recommendation 1: Developers of standards, curriculum, and as-
sessment should revise their frameworks to reflect new models
of children’s thinking and take better advantage of children’s
capabilities.

Currently, standards and many widely used curriculum materials fail to
reflect what is now known about children’s thinking, particularly the cogni-
tive capabilities of younger children.

Recommendation 2: The next generation of standards and cur-
ricula at both the national and state levels should be structured to
identify a few core ideas in a discipline and elaborate how those
ideas can be cumulatively developed over grades K-8.

Focusing on core ideas requires eliminating ideas that are not central to
the development of science understanding. Core ideas should be both foun-
dational in terms of connection to many related scientific concepts and have
the potential for sustained exploration at increasingly sophisticated levels
across grades K-8. Although existing national and state standards have been
a critical first step in narrowing the focus of science in grades K-8, they do
not go far enough. Future revisions to the national standards—and the sub-
sequent interpretation of these standards at the state and local levels and by
curriculum developers—need to be built around core scientific ideas and
clearly identify the knowledge and practices that can be developed in sci-
ence education over K-8.

Recommendation 3: Developers of curricula and standards
should present science as a process of building theories and
models using evidence, checking them for internal consistency
and coherence, and testing them empirically. Discussions of sci-
entific methodology should be introduced in the context of pur-
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suing specific questions and issues rather than as templates or
invariant recipes.

The processes and methodology that students encounter in the class-
room need to reflect the range of investigatory forms in science. The range
of methodology needs to include not only experiments, which have tradi-
tionally been the focus of school science, but also examples from scientific
work that uses observational methods, historical reconstruction and analy-
sis, and other nonexperimental methods.

Recommendation 4: Science instruction should provide op-
portunities for students to engage in all four strands of science
proficiency.

In order to provide meaningful opportunities for science learning, policy
makers, education leaders, and school administrators need to ensure that
adequate time and resources are provided for science instruction at all grade
levels for all students. They must also ensure that teachers have adequate
knowledge of science content and process and are provided with adequate
professional development.

Recommendation 5: State and local leaders in science education
should provide teachers with models of classroom instruction that
provide opportunities for interaction in the classroom, where stu-
dents carry out investigations and talk and write about their ob-
servations of phenomena, their emerging understanding of sci-
entific ideas, and ways to test them.

RECOMMENDATIONS: PROFESSIONAL
DEVELOPMENT

Professional development is key to supporting effective science instruc-
tion. We call for a dramatic departure from current professional develop-
ment practice, both in scope and kind. Teachers need opportunities to deepen
their knowledge of the science content of the K-8 curriculum. They also
need opportunities to learn how students learn science and how to teach it.
They need to know how children’s understanding of core ideas in science
builds across K-8, not just at a given grade or grade band. They need to learn
about the conceptual ideas that students have in the earliest grades and their
ideas about science itself. They need to learn how to assess children’s devel-
oping ideas over time and how to interpret and respond (instructionally) to
the results of assessment. In sum, teachers need opportunities to learn how
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to teach science as an integrated body of knowledge and practice—to teach
for scientific proficiency. They need to learn how to teach science to diverse
student populations, to provide adequate opportunities for all students to
learn science. These needs represent a significant change from what virtu-
ally all active teachers learned in college and what most colleges teach aspir-
ing teachers today.

Recommendation 6: State and local school systems should ensure
that all K-8 teachers experience sustained science-specific profes-
sional development in preparation and while in service. Profes-
sional development should be rooted in the science that teachers
teach and should include opportunities to learn about science,
about current research on how children learn science, and about
how to teach science.

Recommendation 7: University-based science courses for teacher
candidates and teachers’ ongoing opportunities to learn science
in service should mirror the opportunities they will need to pro-
vide for their students, that is, incorporating practices in the four
strands that constitute science proficiency and giving sustained
attention to the core ideas in the discipline. The topics of study
should be aligned with central topics in the K-8 curriculum.

Recommendation 8: Federal agencies that support professional
development should require that the programs they fund incor-
porate models of instruction that combine the four strands of sci-
ence proficiency, focus on core ideas in science, and enhance
teachers’ science content knowledge, knowledge of how students
learn science, and knowledge of how to teach science.

In Chapter 11 the committee offers its recommendations for research—
the work that should begin now to inform the future recommendations for
science teaching.

To improve science education in the United States, changes are urgently
needed throughout the system. Beginning with what is known about how
children learn science, changes in teaching and in the education of teachers
can and should begin now.
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Science Learning Past and Present

This report comes at a time when both science and science education
are regular topics of national media attention and urgent policy debates.
Scientists have used the discovery of DNA to help map the human genome,
can prevent diseases like polio and rheumatic fever, and have landed probes
on Mars. Today the scientific knowledge to see and manipulate atoms is
available, whereas just 100 years ago people debated the existence of atomic
matter. Major public policy issues, such as cloning, climate change, and
alternative fuels, require a scientifically informed citizenry as never before.
Underrepresentation of women and minorities in the sciences is a widely
recognized problem of increasing concern amid policy debates about the
adequacy of the nation’s scientific and technical workforce. Yet as scientific
knowledge develops and grows, as new scientific tools and technologies
emerge and work their way further into civic life, there is grave concern and
debates about the quality of science education.

After 15 years of focused standards-based reform, improvements in U.S.
science education are modest at best. International comparisons show that
many U.S. students fare poorly relative to their peers in other countries. In
addition, large achievement gaps between majority students and both eco-
nomically disadvantaged and non-Asian minority students persist in all school
subjects, and they are especially strong and persistent in science (National
Center for Education Statistics, 2000, 2003). These trends in achievement
take on even greater significance with the looming deadline in the No Child
Left Behind legislation, which mandates state-level assessments in science
beginning in the 2007-2008 school year. Meanwhile, state and local school
boards around the country, backed by large numbers of citizens, are em-
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broiled in battles over the teaching of evolution. Science educators continue
to debate the place of inquiry approaches in the teaching of science. The
convergence of these factors has thrust science education into the center of
national concern. Thus, there is an urgent need for a concerted effort to
examine and improve science education. Science education has been a pe-
rennial issue of national concern, and its recent history warrants attention, a
stock-taking of the current knowledge base and the prospects for promising
directions in the future.

THE HISTORICAL CONTEXT OF U.S. SCIENCE
EDUCATION

The current context of science education is shaped by initiatives under-
taken over the past few decades. We briefly review these trends with an eye
toward how they can inform future directions.

The 1950s and 1960s saw the first federal foray into science teacher
education and curriculum reform under the auspices of the National Science
Foundation’s (NSF) summer institutes and curriculum development projects.
A milestone in science education, the NSF curriculum development projects
focused on upgrading the teaching of science by modernizing the content of
science courses. These projects laid the foundation for the succeeding de-
cades of science education research and reform.

The reform of science education, however, was not devoid of contro-
versy. In the 1970s serious challenges were raised to NSF that, through its
curriculum programs, a national curriculum was being advanced. NSF-
sponsored teacher professional development programs ceased to operate
for several years. In the 1980s, policy makers examined K-12 student achieve-
ment rates and declared the nation “at risk” of economic catastrophe. They
prescribed ramping up high school graduation requirements, especially in
science and mathematics, a recommendation that was a precursor to the
standards-based reforms of the 1990s. These crises and the reforms they
stimulated are milestones that have defined and redefined the landscape of
K-8 science education. They continue to influence the practices and atti-
tudes of educators, researchers, policy makers, and the public.

The Legacy of the 1960s Science Curriculum Reforms

At the height of the cold war, the American scientific establishment en-
joyed a lofty but uncertain status. On one hand, scientific productivity was
seen as essential to U.S. security, and federal science spending was on the
rise. On the other hand, postwar science entailed large-scale, coordinated
efforts involving hundreds of scientists. It required a steady flow of well-
trained students, scientists, and scientific workers to maintain growth. Policy
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makers worried that, without large numbers of well-prepared high school
graduates to fill the science pipeline, the United States could lose ground to
Soviet science, weakening its cold war position (Rudolph, 2002).

While policy makers worried about security and the economy, the sci-
entific community had a slightly different concern. Scientists saw limited
public understanding of their work, and in particular, they cited a common
misperception that science was equivalent to technological innovation. As
they saw it, the public failed to appreciate the value of basic knowledge
production. The scientific community recognized that expanding science
programs would require a pipeline of new scientists and that growing sci-
ence budgets would require popular support. The goal was to broaden and
deepen the public’s understanding of scientific knowledge, inquiry, and
institutions.

With this public engagement agenda in mind, NSF by 1964 sponsored
some 20 innovative large-scale K-12 science curriculum development projects,
such as the Physical Science Study Committee, ChemStudy, the Biological
Sciences Curriculum Study, and the Earth Science Curriculum Study (Duschl,
1990). Under the leadership of natural scientists working in collaboration
with psychologists, these curricula aimed to provide students with early
exposure to “authentic” science. Developers hoped such exposure would
both bolster public understanding of science and attract talented students to
advanced study. Dubbed “science for scientists,” the curricula broadly aimed
to help students learn to think and act like scientists, a dramatic departure
from contemporary instructional practice and its emphasis on final form
science and textbook-driven instruction. The curricula were also novel from
a policy perspective. This was the first effort to influence curriculum nation-
ally, traditionally a local issue. National curriculum was (and still is) a politi-
cally contentious notion, which further complicated an already immense
implementation challenge.

The NSF curricula called for an active learner who engaged in hands-on
activities. As characterized by scientist and philosopher Joseph Schwab (1962),
science education should be an “enquiry into enquiry.” The various curricu-
lum development teams, comprised primarily of scientists, envisioned stu-
dents learning science by reasoning from direct observations of natural phe-
nomena. Federal funds were made available to school districts for the
construction of science teaching laboratories. Teachers could then set up
hands-on or investigative science experiences through which students would
encounter empirical truths, much as a scientist might in the lab.

Curriculum developers believed that opportunities for students to en-
gage in direct observations of phenomena illustrate the process of basic

ISchwab chose this variation on the spelling of “inquiry.”
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scientific research. This seemed a plausible strategy both for attracting more
students to science as a career and countering popular views of science as
isolated facts.

An important feature common to the curricula—especially those de-
signed for elementary students—was the emphasis placed on general learn-
ing, the development of “process skills” that would theoretically generalize
to one’s thinking across the sciences and beyond.? Such skills include mak-
ing observations and measurements of natural phenomena, articulating hy-
potheses, and designing and carrying out experiments. These curricula speci-
fied behavioral outcomes (e.g., able to make predictions, work with one or
two variables) that, according to then-emergent thought in developmental
psychology, could be learned in the abstract, retained, and applied across a
range of settings irrespective of students’ substantive understanding of con-
tent areas.

Although influenced by the psychology of the day, the NSF curricula
were driven by theories of teaching, and less so by theories of learning
explicitly. For example, the Science Curriculum Improvement Study pro-
posed the “learning cycle” (Atkin and Karplus, 1962). The learning cycle
included (1) exploration of a concept, often through a laboratory experi-
ment; (2) conceptual invention, in which the student or teacher derived the
concept from the experimental data, usually during a classroom discussion;
and (3) concept application (Karplus and Their, 1967). The curriculum framed
discrete actions for teachers and students to create interactive science classes.
However, it did not anticipate students’ entering ideas, nor did it envision
teachers as diagnosticians of student learning and codesigners of instruction.
It presumed that given a cycle of instruction, student learning would unfold
rather unproblematically.

These curricula had substantial reach, and in 1977 some 60 percent of
U.S. school districts reported using one or another of the NSF-sponsored
science curricula (Rudolph, 2002). However, further distribution and use
was limited by the cost of curriculum reform. Publishers shied away from
the materials, as the estimated costs to school systems far exceeded typical
curriculum budgets. Furthermore, they presented new approaches to teach-
ing and learning that would be hard to pitch to their market and that would
also require expensive teacher training.

The new curriculum also carried hefty political costs. These were linked
to the challenges of promoting a national curriculum, and they were exacer-
bated by the fact that these curricula, rooted in the disciplines, presented

2This was also the case for some of the middle grades curricula, though not all. The middle
grades curriculum Integrated Physical Science, for example, certainly paid attention to disci-
plinary conceptual structure. The secondary curricula (physics, chemistry, biology) paid a lot
of attention to disciplinary conceptual structures and their justification.
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content that was unfamiliar and occasionally disturbing to parents and edu-
cators. In particular, Man: A Course of Study, a curriculum unit on human
evolution, elicited a backlash of local opposition across the country (Dow,
1991). Parent groups complained that the curriculum was godless and failed
to present the proper moral image of humanity. These concerns eventually
reached Congress (Lagemann, 2000) and contributed to a precipitous drop
in NSF precollege education funding (Duschl, 1980, 1990; Welch, 1973).

The legacy of the 1960s reform is mixed. On one hand, it represented an
unparalleled investment in precollege science curriculum and brought disci-
plinary experts into K-12 science education. The curricula pushed educators
to think about what students were doing in class and to portray a broader
notion of science to students. However, defining authentic science that could
also result in increased student understanding proved more complex than
developers had envisioned. Developers seemed to underestimate (1) the
influence that students’ prior knowledge and ideas had on meaningful learn-
ing; (2) the impact of students’ and teachers’ naive ideas about scientific
inquiry on engagement with investigations; and (3) the tremendous chal-
lenge of improving science instruction on a large scale. In the mid-1970s,
evaluations conducted to determine the impact of the curricula on science
education revealed that the impact was spotty at best, with many teachers
(see Crane, 1976) and programs returning to textbook-driven teaching prac-
tices (Weiss et al., 2003).

The Emergence of Standards-Based Reform

There was another spike in attention to science education in the 1980s,
as once again pundits voiced concerns about U.S. economic competitive-
ness (this time with Japan and the Pacific Rim nations) and waning Ameri-
can scientific production (Bloch, 1986). The National Commission for Excel-
lence in Education, a group of university presidents, professors, and K-12
educators appointed by Secretary of Education Terrel H. Bell, offered a grave
assessment of U.S. K-12 education. Their report, A Nation at Risk, contended
that the “once unchallenged [U.S.] preeminence in commerce, industry, sci-
ence, and technological innovation” was being overtaken as U.S. schools
had “lost sight of the high expectations and disciplined effort needed to
attain” the necessary goals of education (National Commission for Excel-
lence in Education, 1983, p. 5). Scientific and political leaders assembled at
the National Academy of Sciences Convocation on Science and Mathematics
Education echoed these concerns. In his statement to the convocation, Presi-
dent Ronald Reagan spoke of curtailing a “20-year decline” in K-12 science
and mathematics education that could result in “direct harm to our American
economy and standard of living” (National Academy of Sciences and Na-
tional Academy of Engineering, 1982, p. 1).
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Policy makers called for a renewed focus on excellence and prescribed
ratcheting up course content and high school graduation requirements broadly.
Secretary Bell urged attendees to make science “one of the basics” and to
provide additional opportunities for students to learn science during the
summer and after school. The National Commission for Excellence in Edu-
cation urged school systems to create a minimum requirement of three years
each of science and mathematics for high school graduation and “more
rigorous and measurable standards.”

By the 1990s reformers rolled out “systemic” strategies to reach national
goals for excellence in education. There was a broadly shared sentiment that
ambitious national goals like those laid out in A Nation at Risk were attain-
able only through a coherent, system-wide effort. The “unruly nonsystem”
of American education—a concoction of federal, state, and innumerable
local policy systems—would be drawn together and organized. Standards
for content, instruction, assessment, and professional development would
provide a framework for coordinated efforts toward a common goal: offer-
ing all students a sufficient level of knowledge and skills across the core
academic subjects.

Ever aware of Americans’ distaste for centralized education policy, pro-
ponents of systemic reform trod lightly in the 1990s. They called for each
layer in the education system to play a specific, semiautonomous role within
a coordinated policy system, still ultimately driven by state and local deci-
sions. The K-12 subject matter communities, comprised of education re-
searchers, curriculum developers, scientists, teacher educators, and teach-
ers, developed frameworks to guide state and local authorities with curriculum
development. In science these were Benchmarks for Science Literacy (Ameri-
can Association for the Advancement of Science, 1993) and The National
Science Education Standards (National Research Council, 1996). These two
documents served as guiding frameworks for the development or refine-
ment of each state’s own science frameworks, which in turn were used to
format the content basis for curriculum and state-level assessments (Council
of Chief State School Officers, 1995, 1997). Local education authorities also
developed standards and curriculum that aligned with state and national
standards, so that they would provide students with opportunities to learn
content that would be tested on state assessments.

Standards also created a framework for focused science education fund-
ing from federal agencies and philanthropic foundations. Prominent among
these were the NSF systemic initiatives, including statewide systemic initia-
tives, urban systemic initiatives, rural systemic initiatives, and local systemic
change initiatives. For example, the local systemic change initiatives were
“designed to broaden the impact, accelerate the pace and increase the effec-
tiveness of improvements in K-12 science and mathematics education” (Lawrenz
and Post, 1999). This program reflected the logic of standards-based reform
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and sought to help local authorities achieve standards through teacher en-
hancement, standards-based curriculum, and the broader participation of par-
ents, informal science institutions, business, and higher education.

The systemic initiatives, which benefited from concurrent evaluation
efforts, showed some promising effects on student learning, which were
particularly salient for students from traditionally underserved groups. Fur-
thermore, gains were greater for school systems that had participated in the
reform for a longer period of time. Results from the local systemic initiatives
further helped identify conditions that supported meaningful system-wide
changes across urban, rural, and suburban districts (Boyd et al., 2003). Tt
became clear that instructional improvement could be accomplished through
system-wide efforts and that many actors—including teachers, students, par-
ents, administrators, and professional development staffs—were implicated
in reform (Kim, et al., 2001). The results across the various initiatives also
made clear, however, that system-wide reform is often difficult to initiate
and maintain (Council of Chief State School Officers, 2000).

Despite recurrent efforts to improve science education through curricu-
lum and standards-based reform, there is still a long way to go. In hindsight,
several factors may help to explain the limited impact of these substantial
reform efforts. They include the complex political and technical aspects of
implementation, insufficient teacher preparation and professional develop-
ment, discontinuous streams of reform, mismatches between the goals of
the initiatives and assessments, and insufficient and inequitable material re-
sources devoted to education and reform (Berliner, 2005; Kozol, 2005; Spillane,
2001). These factors are invariably part of the education reform problem and
necessarily constrain how theories of teaching and learning are enacted in
school settings.

While science education reform will necessarily bump up against these
material, political, and structural factors, this report focuses on the intellec-
tual, research-driven basis for science education. We draw from current re-
search on learning, cognitive development, child development, and the de-
sign of effective learning environments, as well as science studies, among
others, in an effort to illuminate both what science is and how students learn
science, to point toward clear possibilities for improvement in current in-
structional practice and to provide a strategic agenda for future research.
Underlying any effort to reform science education is a notion, sometimes
tacit, of learning. What does it mean to understand science? How do stu-
dents come to understand it? What do effective science learning environ-
ments look like, and what can be done to create and sustain them? These
foundational questions are at the core of this report.

With the adoption of the No Child Left Behind Act in 2001, the federal
role in education reform again broadened. This legislation requires schools
to report student test scores across demographic groups and to work toward
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yearly incremental improvements for all students. In 2007 for the first time,
the legislation will require science testing to be carried out nationwide.

RECENT DEVELOPMENTS IN SCIENCE,
LEARNING, AND TEACHING

Research and development in science education, science, and the sci-
ence of learning have progressed substantially since the first NSF curricu-
lum efforts. Research-based understandings of learning also diverge from
that which informed the recent efforts at systemic, standards-based reform.
Since the 1960s, philosophers of science have challenged fundamental as-
sumptions about what science is and how it operates. While considerable
disagreement exists within the field, philosophers have long questioned
the empiricist assumptions of science as pure discovery or the uncovering
of truth, ideas that permeated the mid-century curriculum reforms. They,
as well as scholars in the history of science and the sociology of science,
see scientific inquiry as model or theory based, increasingly conducted by
groups and communities of scientists, and influenced by investigators’ con-
ceptual understandings about the phenomena under study. Scholars have
also shed light on the elaborate social and technical apparatus on which
the conduct of science depends, including instruments, tools, charts and
graphs, research articles, journals, research groups, universities, and the
larger society.

Philosophers, scientists, and social scientists also describe changes in
contemporary science itself (Klahr and Simon, 1999). Whereas direct causal
models once prevailed as natural explanations, advances in scientific instru-
mentation, computer technology, and a deepening of scientific knowledge
have given rise to statistical models of natural phenomena that are rooted in
probabilistic reasoning. What constitutes scientific practices today is very
different from the practices just 50 to 100 years ago. Current models of
natural phenomena are strongly grounded in mathematical and computa-
tional reasoning and rightly challenge intuitive expectations about direct
cause and effect. At the core, science is fundamentally about establishing
lines of evidence and using the evidence to develop and refine explanations
using theories, models, hypotheses, measurements, and observations.

Over time, scientists have learned how to learn about nature, deepening
scientific understandings and methods of inquiry. The disciplinary bound-
aries between the life and the physical sciences have blurred, as have bound-
aries between scientific and technological development, with the emergence
of new fields, such as biochemistry, geophysics, bioinformatics, computa-
tional biology, advanced chemical synthesis, and nanoscience.

The growing sophistication of digital technology and media may also
distance people from the everyday experiences that used to hook young

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

Science LEARNING PAST AND PRESENT

people into science. For example, just a few decades ago, it was common
for youth to learn to perform repairs on automobiles, a context ripe with
scientific concepts (work, efficiency, gas compression and combustion, etc.).
Such repairs are impractical now, as automotive systems are governed by
microcomputers. Similarly, a malfunctioning iPod cannot be opened and
rewired as could a 1960s-era turntable. As the frequency of such encounters
wanes, one wonders what the effect will be on children’s interest and moti-
vation to understand the scientific underpinnings of the phenomena at play
in designed systems.

Expectations of what it means to be competent in doing science and
understanding science have also broadened. Beyond skillful performance
and recall of factual knowledge, contemporary views of learning prize un-
derstanding and application or knowledge in use. Learners who understand
can use and apply novel ideas in diverse contexts, drawing connections
among multiple representations of a given concept. They appreciate the
foundations of knowledge and consider the warrants for knowledge claims.
Accomplished learners know when to ask a question, how to challenge
claims, where to go to learn more, and they are aware of their own ideas
and how these change over time.

Understanding of how learners develop ideas about the natural world
has advanced considerably in the last few decades. In particular, contempo-
rary thinking reflects an important role for prior knowledge, which was
severely underacknowledged in earlier theories of learning. Even young
children have well-established ideas about the natural world. These ideas
may be more or less cohesive, and they may serve as resources or distracters
in children’s efforts to understand and apply new knowledge. The presence
of prior knowledge has important implications for instruction and other ef-
forts to influence student thinking. Furthermore, understanding that scien-
tific reasoning is linked tightly to conceptual understanding casts serious
doubt on the wisdom of teaching scientific reasoning in the absence of
specific content.

Learning environments and understanding of them also have changed.
Children learn science from books, television, the Internet, visits to muse-
ums and national parks, as well as the science classroom and the scientific
and technological world around them. These various sites of learning are
now sites of research on learning. Looking inside diverse environments where
learning happens, researchers point to the cognitive and social dimensions
of learning. Young learners, not unlike scientists, use knowledge and lan-
guage to ask questions and make sense of the world. There is a need to
represent their understanding in efforts to challenge and persuade others.
Learners talk with peers, classmates, and family members. Through group
processes, they share and develop their understanding of, and relationship
to, science.
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Immigrants, children of color, and children living in poverty have be-
come an increasing fraction of the U.S. student population, and science
achievement gaps persist. For example, while the gap between the average
performance of black and white students on the National Assessment of
Educational Progress narrowed in the early 1980s, white students on aver-
age still scored significantly higher than black students on the test adminis-
tered in 2000. The gap between the average performance of Hispanic and
white students has remained relatively stable, with whites outperforming
Hispanic students. Furthermore, high-income students consistently outper-
form low-income students, and the gap in average performance appears to
be widening (National Center for Education Statistics, 2000, 2003). The sources
of such gaps are complex and include aspects of the structure and organiza-
tion of schools that go beyond science education, as evidenced by the fact
that similar gaps appear in reading and mathematics (National Center for
Education Statistics, 2000). However, the emerging body of literature on
learning indicates that children from all backgrounds have the capacity to be
successful in science and begins to identify the cultural and linguistic re-
sources that nonmainstream students bring to the science classroom.

The new and emergent perspectives on science learning raise questions
about the appropriateness of the nation’s current approach to science edu-
cation. Do current standards, curricula, and textbooks reflect an appropriate
range of science outcomes? Do they lay out a series of learning goals that
reflect the learning capacities of students across the grades? Or are they “a
mile wide and an inch deep,” as is often suggested? For example, standards,
curricula, and textbooks that do not reflect knowledge about students’ learn-
ing of science will limit what they can learn. Similarly, standards and cur-
ricula that are too broad will lead to an unnecessarily diffuse instructional
effort. Without a reasonable set of learning objectives to target, research
capacity is diluted and efforts to inform practice, in a clear and coherent
manner about what is known and what can be done to support children’s
science learning, will fall short.

Many of today’s challenges in science education echo those of the past.
Long-standing demands for a better scientifically trained workforce persist,
while evidence mounts that scientific literacy is far from what it could or
should be. It is essential to bring the best of knowledge to bear on these
persistent problems. Other challenges are new, or at least they are salient in
ways that they have not been in the past. The historical patterns of inequity
in science are no longer tolerable, nor are they inevitable, as children from
all backgrounds have the potential to learn science. The standards call for a
commitment to all science learners and reflect a moral imperative to make it
available in research-supported ways. As educators, researchers, and policy
makers tackle these problems, new and old, they will require clear
guidance.
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ABOUT THIS REPORT

The Committee on Science Learning, Kindergarten Through Eighth Grade,
was established by the National Research Council (NRC) to undertake this
study. Composed of 14 members selected to reflect a diversity of perspec-
tives and a broad range of expertise, the committee included experts in
cognitive and developmental psychology, educational policy and implemen-
tation, classroom-based science education research, the natural sciences, the
practice of science teaching, and science learning in informal environments.
The committee was charged to respond to specific guiding questions (which
are laid out in Box 1-1).

Scope and Approach

The committee carried out its charge through an iterative process of
gathering information, deliberating on it, identifying gaps and questions,
gathering further information to fill these gaps, and holding further discus-
sions. In its search for relevant information, the committee held three public
fact-finding meetings, reviewed published reports and unpublished research,
and commissioned experts to prepare and present papers. At its fourth and
fifth meetings, the committee intensely analyzed and discussed its findings
and conclusions.

The report is primarily concerned with characterizing the state of knowl-
edge about how students learn science. However, this interest quickly slips
beyond the classroom, museum, or other immediate contexts in which chil-

BOX 1-1 Committee Charge

What does research on learning, culling from a variety of research fields, sug-
gest about how science is learned? What, if any, are “critical stages” in children’s
development of scientific concepts? Where might connections between lines of
research need to be made?

Given a comprehensive review of this research, how does it help clarify how
to teach science in K-8 classrooms? How can the existing body of research that is
applicable to K-8 science learning be made useful for science educators, teacher
educators, professional organizations, researchers, and policy makers?

What other lines of research need to be pursued to make understanding about
how students learn science more complete?
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dren interact with science. In schools, for example, the organizational, hu-
man capital, policy, and material considerations that support science learn-
ing emerge as influential. This report also delves into particular parts of this
broader picture and includes analysis of supports for teaching science (e.g.,
instructional systems, teacher knowledge, and professional development).
Wherever possible we have tried to focus on the qualities of learning and
contexts that are unique to science. Consequently, we steer clear of a broad
range of factors that have clear implications for student learning of science
(e.g., inequitable school funding, teacher workforce), but that are beyond
the scope of this study.

Focus of the Report

This report is an effort to reconcile multiple evidence bases on science
learning, in order to render a clear image of what is known collectively
about how students across grades K-8 learn science. Synthesizing research
from across diverse scholarly perspectives, the report details what is known
about how K-8 students learn science in and out of school; what is known
about curriculum, assessment, and instructional environments that support
learning; and what are the science-specific resources and policies that sup-
port instructional systems. The report is intended to inform policy makers,
researchers, and education practitioners.

This report builds on an earlier NRC report, How People Learn (1999a),
which provided a concise description of the state of cognitive research, and
it follows in the tradition of a series of reports that focus on learning in
specific subject matter areas. These include Starting Out Right (National Re-
search Council, 1999b) and Adding It Up (National Research Council, 2001a),
consensus studies on reading and mathematics, respectively. The discussion
of assessment of student learning expands on the research synthesis pre-
sented in Knowing What Students Know (National Research Council, 2001b).
Discussion of large-scale assessment systems to meet the demands of the No
Child Left Behind Act is beyond the scope of the current report. This topic is
addressed in the report Systems for State Science Assessment (National Re-
search Council, 2005).

The current volume also serves as the basis for a forthcoming guide on
science learning targeted to K-8 practitioners. Whereas the current report is
addressed to policy, research, and practice audiences, the practitioner guide
will be addressed specifically to science education practitioners, ranging
from classroom teachers, to curriculum developers, and to people who spe-
cialize in teacher professional development and assessment. The practitio-
ner guide will focus on the findings from the current volume that are most
relevant to practitioners and translate them in a clear, nontechnical manner
through extended classroom-based scenarios illustrating how students learn
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science and constructive practices K-8 science educators can enact in local
settings.

Organization of the Report

The report has four major parts. Part I sets the stage for and includes
this introductory chapter and Chapter 2, which addresses the goals of sci-
ence education and our working model of scientific proficiency. What we
call the strands of scientific proficiency are a touchstone throughout the
report. We view science proficiency as multifaceted and the strands as in-
terrelated, although for descriptive and analytic purposes we discuss the
strands individually.

Part IT tackles how students learn science. Chapter 3 provides a sum-
mary of the building blocks for science learning that are in place before
children enter school. Chapters 4 through 7 map roughly onto the strands of
scientific proficiency and summarize research that provides insight into how
students’ proficiencies in each strand develop and can be supported across
grades K-8. Chapter 4 describes children’s understanding of the natural world
and how their understanding of scientific explanations can be fostered. Chap-
ter 5 describes the processes involved in generating and evaluating scientific
knowledge with specific attention to the role of prior knowledge and expe-
rience. Chapter 6 describes what students understand and what they can
learn about epistemology and the nature of science. Chapter 7 describes the
challenges to engaging students in science and the experiences that can
help them become full participants in science classrooms.

Part IIT addresses the implications of research on science learning for
educational settings, focusing in particular on K-8 schools. Chapter 8 builds
from the research findings in Part I to develop the idea of learning progres-
sions in science, which characterize how student learning of complex scien-
tific notions might unfold given sustained instructional support over grades
K-8. Chapter 9 summarizes current research on pedagogy, examining the
central features that are common to current research-based instructional pro-
grams. This chapter includes a discussion of classroom-based assessment in
science. In Chapter 10 we describe conditions in K-8 classrooms and schools
that support quality science instruction, including the teachers’ knowledge
of science, teaching, and learning; the necessary ongoing opportunities for
teacher learning; and a coherent instructional system.

Part TV spells out our conclusions and recommendations for practice
and research. Drawing from across the volume, Chapter 11 recapitulates the
major findings and implications of the current research base on K-8 science
learning. Here we also make recommendations for specific actors in the
education system and lay out an agenda for the next generation of science
learning research.
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Goals for Science Education

Science is built up of facts as a bouse is of stones, but a collection of facts is no
more a science than a pile of stones is a house.

Henri Poincare, La Science et I'Hypothese (1908)

Before one can discuss the teaching and learning of science, consensus
is needed about what science is and why it should occupy a place in the
K-8 curriculum. One must ask: “What is science” and “Why teach it”? A
consensus answer to these fundamental questions is not easily attained,
because science is characterized in different ways not only by different cat-
egories of people interested in it—practitioners, philosophers, historians,
educators—but also by people within each of these broad categories. In this
chapter, we describe some different characterizations of science and con-
sider implications for what is taught in science classrooms. Although the
characterizations share many common features, they vary in the emphasis
and priority they place on different aspects of scientific activity, with poten-
tial consequences for what is emphasized in science classrooms. We then
describe the goals of science education associated with each perspective.

WHAT IS SCIENCE?

Science is both a body of knowledge that represents current under-
standing of natural systems and the process whereby that body of knowl-
edge has been established and is being continually extended, refined, and
revised. Both elements are essential: one cannot make progress in science
without an understanding of both. Likewise, in learning science one must
come to understand both the body of knowledge and the process by which
this knowledge is established, extended, refined, and revised. The various
perspectives on science—alluded to above and described below—differ
mainly with respect to the process of science, rather than its product. The
body of knowledge includes specific facts integrated and articulated into
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highly developed and well-tested theories. These theories, in turn, can ex-
plain bodies of data and predict outcomes of experiments. They are also
tools for further development of the subject. An important component of
science is the knowledge of the limitations of current theories, that is, an
understanding of those aspects of a theory that are well tested and hence are
well established, and of those aspects that are not well tested and hence are
provisional and likely to be modified as new empirical evidence is acquired.

The process by which scientific theories are developed and the form
that those theories take differ from one domain of science to another, but all
sciences share certain common features at the core of their problem-solving
and inquiry approaches. Chief among these is the attitude that data and
evidence hold a primary position in deciding any issue. Thus, when well-
established data, from experiment or observation, conflict with a theory or
hypothesis, then that idea must be modified or abandoned and other expla-
nations must be sought that can incorporate or take account of the new
evidence. This also means that models, theories, and hypotheses are valued
to the extent that they make testable (or in principle testable) precise predic-
tions for as yet unmeasured or unobserved effects; provide a coherent con-
ceptual framework that is consistent with a body of facts that are currently
known; and offer suggestions of new paths for further study.

A process of argumentation and analysis that relates data and theory is
another essential feature of science. This includes evaluation of data quality,
modeling, and development of new testable questions from the theory, as
well as modifying theories as data dictates the need. Finally, scientists need
to be able to examine, review, and evaluate their own knowledge. Holding
some parts of a conceptual framework as more or less established and being
aware of the ways in which that knowledge may be incomplete are critical
scientific practices.

The classic scientific method as taught for many years provides only a
very general approximation of the actual working of scientists. The process
of theory development and testing is iterative, uses both deductive and in-
ductive logic, and incorporates many tools besides direct experiment. Mod-
eling (both mechanical models and computer simulations) and scenario
building (including thought experiments) play an important role in the de-
velopment of scientific knowledge. The ability to examine one’s own knowl-
edge and conceptual frameworks, to evaluate them in relation to new infor-
mation or competing alternative frameworks, and to alter them by a deliberate
and conscious effort are key scientific practices.

Different Perspectives on the Process of Science

Those who study the nature of science and the learning of science
have a variety of perspectives not only on key elements of scientific prac-
tice and skills (Stanovich, 2003; Grandy and Duschl, 2005), but also on
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different ways to study the nature of science (Klahr and Simon, 1999;
Proctor and Capaldi, 2005; Giere, 1999). The committee recognizes that
these different perspectives are not mutually exclusive and that, in con-
sidering how best to teach science, each can identify certain elements that
need to be given their due attention. We summarize the key elements of a
number of these viewpoints.!

Science as a Process of Logical Reasoning About Evidence

One view of science, favored by many psychologists who study scien-
tific reasoning, emphasizes the role of domain-general forms of scientific
reasoning about evidence, including formal logic, heuristics, and problem-
solving strategies. Among psychologists, this view was pioneered by the
work of Inhelder and Piaget (1958) on formal operations, by the studies of
Bruner, Goodnow, and Austin (1956) on concept development, and by in-
vestigations by Wason (1960, 1968) of the type of evidence that people seek
when testing their hypotheses. The image of scientist-as-reasoner continues
to be influential in contemporary research (Case and Griffin, 1990). In this
view, learning to think scientifically is a matter of acquiring problem-solving
strategies for coordinating theory and evidence (Klahr, 2000; Kuhn, 1989),
mastering counterfactual reasoning (Leslie, 1987), distinguishing patterns of
evidence that do and do not support a definitive conclusion (Amsel and
Brock, 1996; Beck and Robinson, 2001; Fay and Klahr, 1996; Vellom and
Anderson, 1999), and understanding the logic of experimental design (Tschirgi,
1980; Chen and Klahr, 1999). These heuristics and skills are considered im-
portant targets for research and for education because they are assumed to
be widely applicable and to reflect at least some degree of domain general-
ity and transferability (Kuhn et al., 1995; Ruffman et al., 1993).

Science as a Process of Theory Change

This view places emphasis on the parallel between historical and philo-
sophical aspects of science (Kuhn, 1962) and the domains of cognitive de-
velopment (Carey, 1985; Koslowski, 1996) in which domain-specific knowl-
edge evolves via the gradual elaboration of existing theories through the
accretion of new facts and knowledge (normal science, according to Kuhn),
punctuated, occasionally, by the replacement of one theoretical framework
by another. The science-as-theory perspective places its emphasis less on
the mastery of domain-general logic, heuristics, or strategies and more on

IThis discussion of the different views of science is based on Lehrer and Schauble (2006).
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processes of conceptual or theory change. In this view, at critical junctures,
as evidence anomalies build up against the established theory, there can
occur wholesale restructurings of the theoretical landscape—a paradigm shift,
according to Kuhn (1962). For example, in both Kuhn’s account of scientific
revolutions and Chi’s (1992) and Carey’s (1988, 1991) accounts of critical
points of conceptual restructuring in cognitive development, not only do
new concepts enter a domain, but also existing concepts change their mean-
ing in fundamental ways because the theoretical structure within which they
are situated radically changes (e.g., changes in concepts like force, weight,
matter, combustion, heat, or life). Nersessian (1989) provides a good ex-
ample of the semantic changes that occur when motion and force are exam-
ined across Aristotelian, Galilean, and Newtonian frameworks.

Science as a Process of Participation in the
Culture of Scientific Practices

The view of science as practice is emphasized by anthropologists, eth-
nographers, social psychologists, and the cognitive and developmental psy-
chologists who study “situated cognition” (Brown, Collins, and Duguid, 1989;
Lave and Wenger, 1991; Latour, 1990, 1999; Rogoff and Lave, 1984). This
view focuses on the nature of scientific activity, both in the short term (e.g.,
studies of activity in a particular laboratory or a program of study) and
historically (e.g., studies of laboratory notebooks, published texts, eyewit-
ness accounts). Science as practice suggests that theory development and
reasoning are components of a larger ensemble of activity that includes
networks of participants and institutions (Latour, 1999; Longino, 2002); spe-
cialized ways of talking and writing (Bazerman, 1988); modeling, using ei-
ther mechanical and mathematical models or computer-based simulations
(Nersessian, 2005); and development of representations that render phe-
nomena accessible, visualizable, and transportable (Gooding, 1989; Latour,
1990; Lehrer and Schauble, 2006).

This perspective serves as a useful foil to the tendency of “pure” cogni-
tive approaches to science to minimize the fact that individual scientists or
groups of scientists are always part of a wider social environment, inside
and outside science, with which they are in constant communication and
which has strongly shaped their knowledge, skills, resources, motives, and
attitudes. This interaction between social and cognitive factors is well illus-
trated in Thagard’s (1998a, 1998b) account of the pioneering research by
Barry Marshall and Robin Warren. They received the Nobel prize in medi-
cine in 2005 for their discovery of the bacterial origins of stomach ulcers.
Until 1983, the prevailing view was that gastric ulcers were caused by lifestyle
and stress. When Marshall and Warren suggested that ulcers were caused by
the bacterium Helicobacter pylori, their claim was viewed as preposterous
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by the medical research establishment, but the weight of empirical evidence
soon overwhelmed deeply entrenched and widely accepted scientific be-
liefs. The reasons for both the initial and final positions in the field clearly
involve important social mechanisms that go beyond simple evidence-based
reasoning processes. However, to acknowledge the influence of situated,
social, and noncognitive factors in the process of scientific discovery is not
to deny the existence of an external physical reality that science attempts to
discover and explain (see, e.g., Pickering, 1995).

Language of Science

In science, words often are given very specific meanings that are differ-
ent from and often more restrictive than their everyday usage. A few such
cases are important to discuss before we proceed further in this report. It is
also important for teachers to be aware of the confusion that can arise from
these multiple usages of familiar words, clarifying the specific scientific us-
age when needed.

Theory and Hypothesis

A scientific theory (particularly one that is referred to as “the theory of
___ as in the theory of electromagnetism or the theory of thermodynamics
or the theory of Newtonian mechanics) is an explanation that has under-
gone significant testing. Through those tests and the resulting refinement, it
takes a form that is a well-established description of, and predictor for, phe-
nomena in a particular domain. A theory is so well established that it is
unlikely that new data within that domain will totally discredit it; instead, the
theory may be modified and revised to take into account new evidence.
There may be domains in which the theory can be applied but has yet to be
tested; in those domains the theory is called a working hypothesis. Indeed
the term “hypothesis” is used by scientists for an idea that may contribute
important explanations to the development of a scientific theory. Scientists
use and test hypotheses in the development and refinement of models and
scenarios that collectively serve as tools in the development of a theory.

“Theory” has at least two other meanings, and these other meanings
differ in important ways from the above use of the term. One alternative use
of the term comes from psychological research. Researchers in cognitive
development have investigated the way in which children come to under-
stand the world around them and have attributed to them a wide variety of
immature and inadequate—albeit pervasive—“theories” about the world.
Psychologists use the term “theory” here as a shorthand for the set of ideas
and beliefs that forms the child’s conceptual framework for explaining phe-
nomena and mechanisms. This usage is closer to the everyday usage of the
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word “theory” as an idea or conjecture rather than as a complex explanation
supported by evidence. It does not imply that a child’s theory is a scientific
theory in the sense defined above. However, a conceptual framework takes
the place of a scientific theory in the way that the child uses it to process
information and to view and interact with external events; hence the inter-
play between instruction and a child’s conception of the world is an impor-
tant issue for the teaching of science.

The second alternative meaning comes from everyday language, in which
“theory” is often indistinguishable in its use from “guess,” “conjecture,” “specu-
lation,” “prediction,” or even “belief” (e.g., “My theory is that indoor polo
will become very popular” or “My theory is that it will rain tomorrow”). Such
“theories” are typically very particular and have no broader conceptual scope.
Popular usage also confuses the ideas of scientific fact and a scientific theory,
which we distinguish by example in the discussion below.

Data and Evidence

A datum is an observation or measurement recorded for subsequent
analysis. The observation or measurement may be of a natural system or of
a designed and constructed experimental situation. Observation here in-
cludes indirect observation, which uses inference from well-understood sci-
ence, as well as direct sensory observations. Thus the assertion that a par-
ticular skeleton comes from an animal that lived during a particular geological
period is based on acceptance of the body of knowledge that led to the
widely accepted techniques used to date the bones, techniques that are
themselves the products of prior scientific study. “Observations” in the re-
search laboratory, particularly observations of events and phenomena whose
duration or size is inaccessible to the unaided human perceptual system,
often include a substantial chain of such inferences. In the elementary and
middle school classroom, observation usually involves fewer inferences. For
example, students may begin by conducting unaided observations of natural
phenomena and then progress to using simple measurement tools or instru-
ments such as microscopes.

Some use the term “scientific claim” for a well-established property,
correlation, or occurrence, directly based on well-validated observation or
measurement. When a scientific claim is demonstrated to occur forever
and always in any context, scientists will refer to the claim as a fact (e.g.,
the sun rises in the east). Facts are best seen as evidence and claims of
phenomena that come together to develop and refine or to challenge ex-
planations. For example, the fact that earthquakes occur has been long
known, but the explanation for the fact that earthquakes occur takes on a
different meaning if one adopts plate tectonics as a theoretical framework.
The fact that there are different types of earthquakes (shallow and deep
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focus) helps to deepen and expand the explanatory power of the theory of
plate tectonics.

A century ago the atomic substructure of matter was a theory, which
became better established as new evidence and inferences based on this
evidence deepened the complexity and explanatory power of the theory.
Today, atoms are an established component of matter due to the modern
capability of imaging individual atoms in matter with such tools as scanning-
tunneling microscopes. This kind of progression from theoretical construct
to observed property leads to some confusion in the minds of many people
about the nature of theory and the distinctions among theory, evidence,
claims, and facts. The history of science further reveals that theories progress
from hypotheses or tentative ideas to core explanations.

Thus, another source of confusion for the public understanding of sci-
ence is the use of the term “theory” to represent promising ideas as well as
core explanatory theories. Core explanatory theories are those that are firmly
established through accumulation of a substantial body of supporting evi-
dence and have no competitors (e.g., cell theory, periodic law, theory of
evolution, theory of plate tectonics). For much of science, theories are broad
conceptual frameworks that can be invalidated by contradictions with data
but can never be wholly validated.

To give a specific example: it is an observed property that things fall
down when dropped near the surface of the earth. Repeated observations
give the rate of acceleration in this event, both its global average and local
variations from that average. Newton’s law of universal gravitation and
Einstein’s general theory of relativity are two successive theories that incor-
porate this observation and give quantitative predictions for the size of the
gravitational effects in any situation, not just on earth. These theories de-
scribe but do not actually explain gravitation in the conventional sense of
that word; they invoke no underlying mechanism due to substructure and
subsystems. The general theory of relativity includes Newton’s law of gravi-
tation as a special limited case (an approximation or idealization, valid to
high accuracy under certain conditions), but it is a more general theory that
makes predictions for cases not covered by Newton’s law (e.g., the bending
of light paths by the sun or other stars).

In this example, drawn from physics, the theories are expressed in math-
ematical form and their predictions are thus both precise and specific. They
lend themselves readily to computer modeling and simulation. In other ar-
eas of science, theories can take more linguistic forms and involve other
types of models. What is general is that scientific theories are valued when
they (a) incorporate a significant body of evidence in a single conceptual
framework and (b) offer predictive suggestions about future directions for
study that are specific enough that one can test the theory’s validity and
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domain of applicability. A theory may or may not include a mechanism for
the effects it describes and predicts.

Another important feature of the example is that it challenges a com-
mon perception of scientific revolutions. Einstein’s general theory of relativ-
ity was a true scientific revolution, in that it challenged and redefined con-
ceptions of the nature of space and time. However, it did not invalidate all
that had gone before; instead, it showed clearly both the limitations of the
previous theory and the domain in which the previous theory is valid as an
excellent (close) approximation, useful because it is much simpler (both
conceptually and mathematically) than the full general theory of relativity.

This is a key understanding: science is subject to development and change,
yet well-tested and established theories remain true in their tested domain
even when dramatic new ideas or knowledge changes the way one views
that domain. Such theories are tentative in domains in which they have
not yet been tested, or in which only limited data are available, so that the
tests are not yet conclusive but are far from tentative in the domains in
which they have repeatedly been tested through their use in new scientific
inquiries.

Argument

In everyday usage, an argument is an unpleasant situation in which two
or more people have differing opinions and become heated in their discus-
sion of this difference. A somewhat different view of the term “argument”
comes from the tradition of formal debate, in which contestants are scored
on arguments that favor a particular position or point of view or disfavor the
opposing one. Argumentation in science has a different and less combative
or competitive role than either of these forms (Kuhn, 1991). It is a mode of
logical discourse whose goal is to tease out the relationship between ideas
and the evidence—for example, to decide what a theory or hypothesis pre-
dicts for a given circumstance, or whether a proposed explanation is consis-
tent or not with some new observation. The goal of those engaged in scien-
tific argumentation is a common one: to tease out as much information and
understanding from the situation under discussion as possible. Alternative
points of view are valued as long as they contribute to this process within
the accepted norms of science and logic, but not when they offer alterna-
tives that are viewed as outside those norms. Because the role, mode, and
acceptance of argument, in its everyday sense, are cultural variables, it is
important to teach skills and acceptable modes of scientific argumentation,
and for both teachers and students to learn by experience the difference
between this form of discourse and their preconceived notions of what “wins”
an argument.
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SCIENCE EDUCATION

Why Teach Science?

In the modern world, some knowledge of science is essential for every-
one. It is the opinion of this committee that science should be as nonnego-
tiable a part of basic education as are language arts and mathematics. It is
important to teach science because of the following:

1. Science is a significant part of human culture and represents one of
the pinnacles of human thinking capacity.

2. It provides a laboratory of common experience for development of
language, logic, and problem-solving skills in the classroom.

3. A democracy demands that its citizens make personal and community
decisions about issues in which scientific information plays a fundamental
role, and they hence need a knowledge of science as well as an understand-
ing of scientific methodology.

4. For some students, it will become a lifelong vocation or avocation.

5. The nation is dependent on the technical and scientific abilities of its
citizens for its economic competitiveness and national needs.

What Should Be the Goals of Elementary and
Middle School Science?

To quote Albert Einstein, the goal of education is “to produce indepen-
dently thinking and acting individuals.” The eventual goal of science educa-
tion is to produce individuals capable of understanding and evaluating in-
formation that is, or purports to be, scientific in nature and of making decisions
that incorporate that information appropriately, and, furthermore, to pro-
duce a sufficient number and diversity of skilled and motivated future scien-
tists, engineers, and other science-based professionals.

The science curriculum in the elementary grades, like that for other
subject areas, should be designed for all students to develop critical basic
knowledge and basic skills, interests, and habits of mind that will lead to
productive efforts to learn and understand the subject more deeply in later
grades. If this is done well, then all five of the reasons to teach science will
be well served. It is not necessary in these grades to distinguish between
those who will eventually become scientists and those who will chiefly use
their knowledge of science in making personal and societal choices. A good
elementary science program will provide the basis for either path in later
life.

The specific content of elementary school science has been outlined in
multiple documents, including the National Science Education Standards,
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the Benchmarks for Science Literacy, and multiple state standards documents.
Teachers are held accountable to particular state and local requirements. It is
not the role of this report to specify a list of content to be taught. However,
it is important to note that what this report says about science learning
always assumes that there is a strong basis of factual knowledge and con-
ceptual development in the science curriculum, and that the goal of any
methodology for teaching is to facilitate student learning and understanding
of this content, as well as developing their skills in, and understanding of,
the methods of scientific observation, experimentation, modeling, and analysis.

It is often said that children are natural scientists. Experts in child devel-
opment have debated this issue, not on the basis of the basic facts of children’s
behavior, but rather on the relation between that behavior and the essential
aspects of scientific thinking (Giere, 1996; Gopnik, 1996; Gopnik and Wellman,
1992; Harris, 1994; Kuhn, 1989; Metz, 1995, 1997; Vosniadou and Brewer,
1992, 1994). Rather than attempting to resolve this debate, we simply ac-
knowledge the fact that children bring to science class a natural curiosity
and a set of ideas and conceptual frameworks that incorporate their experi-
ences of the natural world and other information that they have learned.
Since these experiences vary, children at a given age have a wide range in
their skills, knowledge, and conceptual development. A teacher therefore
needs to be able to evaluate each child’s knowledge and conceptual and
skill development, as well as the child’s level of metacognition about his or
her own knowledge, skills, and concepts, in order to provide a learning
environment that moves each child’s development in all these areas. A key
question for instruction is thus how to adapt the instructional goals to the
existing knowledge and skills of the learners, as well as how to choose
instructional techniques that will be most effective.

Each of the views of science articulated above highlights particular modes
of thought that are essential to that view. These views are not mutually
exclusive descriptions of science, but rather each stresses particular aspects.
Since students need to progress in all aspects, it is useful for teachers to have
a clear understanding of each of these components of scientific develop-
ment, just as they need a clear understanding of the subject matter, the
specific science content, that they are teaching. It is also useful at times to
focus instruction on development of specific skills, in balance with a focus
on the learning of specific facts or the understanding of a particular concep-
tual framework.

Thus, if one looks from the perspective of science as a process of rea-
soning about evidence, one sees that logical argumentation and problem-
solving skills are important. Certain aspects of metacognition are also high-
lighted, such as the ability to be aware when one’s previously held convictions
are in conflict with an observation. If one looks at science as a process of
theory change, one sees that teachers must recognize the role of students’
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prior conceptions about a subject and facilitate the necessary processes of
conceptual change and development. Finally, when one looks at science as
a process of participation in the culture of scientific practice, attention is
drawn to the ways in which children’s individual cultural and social back-
grounds can, on one hand, create barriers to science participation and learn-
ing due to possible conflicts of cultural norms or practices with those of
science, and, on the other hand, provide opportunities for contributions,
particularly from students from nonmainstream cultures, that enrich the dis-
course in the science classroom. One also sees a range of practices, such as
model building and data representation, that each in itself is a specific skill
and thus needs to be incorporated and taught in science classrooms.

It is thus clear that multiple strategies are needed, some focused prima-
rily on key skills or specific knowledge, others on particular conceptual
understanding, and yet others on metacognition. The issues of what chil-
dren bring to school and of how teaching can build on it to foster robust
science learning with this rich multiplicity of aspects are the core topics of
this report.

Strands of Scientific Proficiency

Understanding science is multifaceted. Research has often treated as-
pects of scientific proficiency as discrete. However, current research indi-
cates that proficiency in one aspect of science is closely related to profi-
ciency in others (e.g., analytic reasoning skills are greater when one is
reasoning about familiar domains). Like strands of a rope, the strands of
scientific proficiency are intertwined. However, for purposes of being clear
about learning and learning outcomes, the committee discusses these four
strands separately (see Box 2-1 for a summary).

The strands of scientific proficiency lay out broad learning goals for
students. They address the knowledge and reasoning skills that students
must eventually acquire to be considered fully proficient in science. They
are also a means to that end: they are practices that students need to partici-
pate in and become fluent with in order to develop proficiency.

Students who are proficient in science:

1. know, use, and interpret scientific explanations of the natural world,;
2. generate and evaluate scientific evidence and explanations;
3. understand the nature and development of scientific knowledge; and
4. participate productively in scientific practices and discourse.

The strands are not independent or separable in the practice of science,

nor in the teaching and learning of science. Rather, the strands of scientific
proficiency are interwoven and, taken together, are viewed as science as
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Box 21 Strands of Scientific Proficiency

Strand 1. Know, use, and interpret scientific explanations of the natural world.

This strand includes acquiring facts and the conceptual structures that incor-
porate those facts and using these ideas productively to understand many phe-
nomena in the natural world. This includes using those ideas to construct and
refine explanations, arguments, or models of particular phenomena.

Strand 2: Generate and evaluate scientific evidence and explanations.

This strand encompasses the knowledge and skills needed to build and refine
models based on evidence. This includes designing and analyzing empirical inves-
tigations and using empirical evidence to construct and defend arguments.

Strand 3: Understand the nature and development of scientific knowledge.

This strand focuses on students’ understanding of science as a way of know-
ing. Scientific knowledge is a particular kind of knowledge with its own sources,
justifications, and uncertainties. Students who understand scientific knowledge
recognize that predictions or explanations can be revised on the basis of seeing
new evidence or developing a new model.

Strand 4: Participate productively in scientific practices and discourse.

This strand includes students’ understanding of the norms of participating in
science as well as their motivation and attitudes toward science. Students who
see science as valuable and interesting tend to be good learners and participants in
science. They believe that steady effort in understanding science pays off—not
that some people understand science and other people never will. To engage pro-
ductively in science, however, students need to understand how to participate in
scientific debates, adopt a critical stance, and be willing to ask questions.

These strands of scientific proficiency represent learning goals for students as
well as providing a broad framework for curriculum design. They address the knowl-
edge and reasoning skills that students must eventually acquire to be considered
fully proficient in science. They are also a means to that end: they are practices
that students need to participate in and become fluent with in order to develop
proficiency. Evidence to date indicates that in the process of achieving proficiency
in science, the four strands are intertwined, so that advances in one strand support
and advance those in another.

The committee thinks, and emerging evidence suggests, the development of
proficiency is best supported when classrooms provide learning opportunities that
interweave all four strands together in instruction.
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practice (see Lehrer and Schauble, 2006). The science-as-practice perspec-
tive invokes the notion that learning science involves learning a system of
interconnected ways of thinking in a social context to accomplish the goal of
working with and understanding scientific ideas. This perspective stresses
how conceptual understanding of natural systems is linked to the ability to
develop explanations of phenomena and to carry out empirical investiga-
tions in order to develop or evaluate knowledge claims.

The strands framework emerged through the committee’s syntheses of
disparate research literatures on learning and teaching science, which define
science outcomes differently and frequently do not inform one another. The
framework offers a new perspective on what is learned when students learn
science. First, the strands emphasize the idea of knowledge in use. That is,
students’ knowledge is not static, and proficiency involves deploying knowl-
edge and skills across all four strands in order to engage successfully in
scientific practices. The content of each strand described below is drawn
from research and differs from many typical presentations of goals for sci-
ence learning. For example, we include an emphasis on theory building and
modeling, which is often missing in existing standards and curricular frame-
works. And, the fourth strand is often completely overlooked, but research
indicates it is a critical component of science learning, particularly for stu-
dents from populations that are typically underrepresented in science.

These strands illustrate the importance of moving beyond a simple di-
chotomy of instruction in terms of science as content or science as process.
That is, teaching content alone is not likely to lead to proficiency in science,
nor is engaging in inquiry experiences devoid of meaningful science con-
tent. Rather, students across grades K-8 are more likely to advance in their
understanding of science when classrooms provide learning opportunities
that attend to all four strands.

Know, Use, and Interpret Scientific Explanations
of the Natural World

Knowing, using, and interpreting scientific explanations encompasses
learning the facts, concepts, principles, laws, theories, and models of sci-
ence. As the National Science Education Standards state (National Research
Council, 1996, p. 23):

Understanding science requires that an individual integrate a complex struc-
ture of many types of knowledge, including the ideas of science, relation-
ships between ideas, reasons for these relationships, ways to use the ideas
to explain and predict other natural phenomena, and ways to apply them
to many events.

Understanding natural systems requires knowledge of conceptually central
ideas and facts integrated in well-structured knowledge systems, that is, facts
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integrated and articulated into highly developed and well-established theo-
ries. In the science-as-practice framework, we emphasize that these theories
or models—the “big ideas” or powerful explanatory models of science—are
what enable learners to construct explanations about natural phenomena,
including novel cases not exactly like those previously experienced. This
strand stresses acquiring facts, building organized and meaningful concep-
tual structures that incorporate these facts, and employing these conceptual
structures during the interpretation, construction, and refinement of expla-
nations, arguments, or models.

Generate and Evaluate Scientific Evidence and Explanations

Generating and evaluating scientific evidence and explanations encom-
passes the knowledge and skills used for building and refining models and
explanations (conceptual, computational, mechanistic), designing and ana-
lyzing empirical investigations and observations, and constructing and de-
fending arguments with empirical evidence. This strand also incorporates
the social practices (e.g., critiquing an argument) and tools (conceptual,
mathematical, physical, and computational) fundamental to constructing and
evaluating knowledge claims. Hence, it includes a wide range of practices
involved in designing and carrying out a scientific investigation, including
asking questions, deciding what to measure, developing measures, collect-
ing data from the measures, structuring the data, interpreting and evaluating
the data, and using the empirical results to develop and refine arguments,
models, and theories.

Understand the Nature and Development of Scientific Knowledge

This strand focuses attention on students’ understanding of science as a
way of knowing: the nature of scientific knowledge, the nature of theory
and evidence in science, and the sources for, justification of, and certainty of
scientific knowledge. It also includes students’ reflection on the status of
their own knowledge.

This strand includes developing a conception of “doing science” that
extends beyond experiment to include modeling, systematic observation,
and historical reconstruction. It also includes an awareness that science en-
tails the search for core explanatory constructs and connections between
them. More specifically, students must recognize that there may be multiple
interpretations of the same phenomena. They must understand that expla-
nations are increasingly valuable as they account for the available evidence
more completely, and as they generate new, productive research questions.
Students should be able to step back from evidence or an explanation and
consider whether another interpretation of a particular finding is plausible
with respect to existing scientific evidence and other knowledge that they

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

40

TakiNG SciENCE To ScHooL

hold with confidence. This entails embracing a point of view as possible and
worthy of further investigation, but subject to careful scrutiny and consider-
ation of alternative perspectives (which may be deemed more valuable in
the end).

Participate Productively in Scientific Practices and Discourse

To understand science, one must use science and do so in a manner that
reflects the values of scientific practice. Participation is premised on a view
that science and scientific knowledge are valuable and interesting, seeing
oneself as an effective learner and participant in science, and the belief that
steady effort in understanding science pays off. These attitudes toward sci-
ence and science learning develop as a consequence of students’ experi-
ence of educational, social, and cultural environments. The educational en-
vironment in particular is an important influence on how students view
themselves as science learners and whether they feel supported to partici-
pate fully in the scientific community of the classroom.

Viewing the science classroom as a scientific community akin to com-
munities in professional science is advantageous (although K-8 students are
clearly not engaged in professional science). Science advances in large part
through interactions among members of research communities as they test
new ideas, solicit and provide feedback, articulate and evaluate emerging
explanations, develop shared representations and models, and reach con-
sensus. Likewise, participation in scientific practices in the classroom helps
students advance their understanding of scientific argumentation and expla-
nations; engage in the construction of scientific evidence, representations,
and models; and reflect on how scientific knowledge is constructed.

To participate fully in the scientific practices in the classroom, students
need to develop a shared understanding of the norms of participation in
science. This includes social norms for constructing and presenting a scien-
tific argument and engaging in scientific debates. It also includes habits of
mind, such as adopting a critical stance, a willingness to ask questions and
seek help, and developing a sense of appropriate trust and skepticism.

Interconnections Among the Strands

Interconnections among the strands in the process of learning are sup-
ported by research, although the strength of the research evidence varies
across the strands. The cognitive research literatures support the value of
teaching content in the context of the practices of science. For example, the
knowledge factor, that is, the depth of one’s knowledge of the domain, has
repeatedly been identified as a primary factor in the power or limitations of
one’s scientific reasoning (Brewer and Samarapungavan, 1991; Brown, 1990;
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Carey, 1985; Chi, Feltovich, and Glaser, 1981; Goswami and Brown, 1989;
see also the discussion in Chapter 5). Not surprisingly, both children’s and
adults’ scientific reasoning tends to be strongest in domains in which their
knowledge is strongest. Therefore, if the goal is to advance the leading edge
of children’s scientific reasoning, their instruction needs to be grounded in
contexts that also build on their relatively robust understanding of content.
There is also mounting evidence that knowledge of scientific explanations
of the natural world is advanced through generating and evaluating scien-
tific evidence. For example, instruction designed to engage students in model-
based reasoning advances their conceptual understanding of natural phe-
nomena (see, for example, Brown and Clement, 1989; Lehrer et al., 2001;
Stewart, Cartier, and Passmore, 2005; White, 1993; Wiser and Amin, 2001;
see also the discussions in Chapter 4 and Chapter 9).

Evidence for links between Strands 3 and 4 and the other two strands is
less robust, but emerging findings are compelling. Motivation, which is an
element of Strand 4, clearly plays an important role in learning (see Chap-
ter 7). Furthermore, instruction that makes the norms for participating in
science explicit supports students’ ability to critique evidence and coordi-
nate theory and evidence (Herrenkohl and Guerra, 1998; for further discus-
sion, see Chapters 7 and 9).

Although we have teased apart aspects of understanding and learning to
do science as four interrelated strands, we do not separate these as separate
learning objectives in our treatment of the pedagogical literature. Indeed,
there is evidence that while the strands can be assessed separately, students
use them in concert when engaging in scientific tasks (Gotwals and Songer,
2006). Therefore, we contend that to help children develop conceptual un-
derstanding of natural systems in any deep way requires engaging them in
scientific practices that incorporate all four strands to help them to build and
apply conceptual models, as well as to understand science as a disciplinary
way of knowing.

DEVELOPMENT, LEARNING, AND INSTRUCTION

An important theme throughout this report is the complex interplay
among development, learning and instruction, and the implications for
science education. The evidence base for this report draws from several,
mostly independent bodies of research, each emerging from different re-
search traditions that operate within different theoretical frameworks. These
frameworks differ in the relative emphasis placed on development versus
learning and instruction. As a result, the different bodies of research often
provide differing and somewhat conflicting pictures of children’s compe-
tence. Reconciling these visions of competence and understanding their
implications for how to support science learning require careful consider-
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ation of the assumptions underlying both research and current practices in
science education.

In science education, there has been a frequent assumption that devel-
opment is a kind of inevitable unfolding and that one must simply wait until
a child is cognitively “ready” for more abstract or theory-based forms of
content. In other words, through maturation with age, children will achieve
certain cognitive milestones naturally, with little direct intervention from
adults. Many science educators and policy makers have assumed that the
power and limitations of children’s scientific reasoning at different grade
levels could be derived from the stages delineated in the cognitive develop-
mental literature. In this view, “developmentally appropriate” education would
thus require keeping instruction within these bounds.

There are significant problems with this assumption. First, it assumes
that the power and limitations of children’s scientific thinking within an age
band can be described and predicted by stage-defining criteria, with limited
variability or change therein. As we show in the chapters in Part II, the
cognitive developmental literature simply does not support this assumption.
In the words of John Flavell, a seminal cognitive developmentalist (1994),
“Virtually all contemporary developmentalists agree that cognitive develop-
ment is not as general stage-like or grand stage-like as Piaget and most of
the rest of the field once thought” (p. 574). The foundation of research
undermining a broad stage-like conception of cognitive development goes
back at least three decades (e.g., Wollman, 1997a, 1997b).

In fact, variability in scientific reasoning within any age group is large,
sometimes broader than the differences that separate contiguous age bands.
In self-directed experimentation tasks, there are always some adults whose
performance looks no better than that of the average child (Klahr, Fay, and
Dunbar, 1993; Kuhn, Schauble, and Garcia-Mila, 1992; Kuhn et al., 1995;
Schauble, 1996; see also the discussion in Chapter 5). Indeed, many adults
never seem to master the heuristics for generating and interpreting evidence.
Moreover, education, context, and domain expertise seem to play a strong
role in whether and when these heuristics are appropriately used (Kuhn,
199D).

Stage-like conceptualizations of development also ignore the critical role
of support and guidance by knowledgeable adults and peers. As noted in
the National Research Council report How People Learn (1999), children
need assistance to learn; building on their early capacities requires catalysts
and mediation. Adults play a central role in “promoting children’s curiosity
and persistence by directing their attention, structuring their experiences,
supporting their learning attempts, and regulating the complexity and diffi-
culty of levels of information for them” (p. 223). In the case of the science
classroom, both teachers and peers can and must fill these critical roles. The
power of schooling is its potential to make available other people, including
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adults and peers, to learn with; thought-provoking tasks; tools that both
boost and shape thinking; and activity structures that encapsulate learning-
supportive norms and processes.

Indeed, observational and historical studies of working scientists reaf-
firm the promise of looking closely at the ways in which environments
support learning. These studies demonstrate that theory development and
reasoning in science are components of an ensemble of activity that in-
cludes networks of participants and institutions (Latour, 1999); specialized
ways of talking and writing (Bazerman, 1988); development of representa-
tions that render phenomena accessible, visualizable, and transportable
(Gooding, 1989; Latour, 1990); and efforts to manage material contingency
by making instruments, machines, and other contexts of observation (such
as experimental apparatus). The alignment of instruments, measures, and
theories is never entirely principled (e.g., Pickering, 1995), and, whether the
scientists are professionals or school students, they wrestle with the relation-
ships between these tools and the phenomena they are intended to capture.

A second major problem with assuming children’s learning will unfold
without support is that what children are capable of doing without instruc-
tion may lag considerably behind what they are capable of doing with effec-
tive instruction. Further clouding the picture is that research on cognitive
development may not be helpful in illuminating how instruction can ad-
vance children’s knowledge and skill. Often, studies in developmental psy-
chology do not have an instructional component and therefore may be more
informative about starting points than about children’s potential for devel-
oping scientific proficiency under effective instructional conditions.

For example, the idea that prior to middle school children are incapable
of designing controlled experiments has been a ubiquitous assumption in
the elementary school science community. This claim can be traced to Inhelder
and Piaget’s (1958) influential study, The Growth of Logical Thinking from
Childhood to Adolescence. Indeed the Benchmarks for Scientific Literacy
(American Association for the Advancement of Science, 1993) included de-
sign of controlled experiments in their list of limitations of the scientific
reasoning of third to fifth graders:

Research studies suggest that there are some limits on what to expect at this
level of student intellectual development. One limit is that the design of
carefully controlled experiments is still beyond most students in middle grades.

Consider the Benchmarks’ crucial—and unusual—caveat (p. 11):

However, the studies say more about what students at this level do not
learn in today’s schools than about what they might possibly learn if in-
struction were more effective.
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Indeed, instructional studies have documented success at teaching controlled
experimental design to children in this grade span (see Klahr and Nigam,
2004; Toth, Klahr, and Chen, 2000).

As another example, consider the issue of reasoning about theory and
evidence. In their delineation of the limitations on third to fifth graders’
scientific reasoning, the Benchmarks also claim that third to fifth graders
“confuse theory (explanation) with evidence for it.” In accordance with this
deficiency stance, most science curricula for young children avoid consider-
ation of theory and evidence.

The developmental literature related to this fundamental aspect of sci-
entific reasoning is more complex, with some studies in support of the Bench-
marks stance and some studies suggesting greater competence. For example,
Kuhn, Amsel, and O’Loughlin (1988) conclude that, in the preadolescent,
theory and evidence “meld into a single representation as ‘the way things
are”” (p. 221), whereas the research of Sodian, Zaitchek, and Carey (1991)
indicates that, in some form and under some conditions, even preschoolers
can make this distinction and reason accordingly.

Once again, the instructional literature indicates that children’s capabili-
ties in this regard are to some degree amenable to instruction. The instruc-
tional design research literature provides an existence proof that elementary
schoolchildren’s reasoning about theory and evidence in the context of do-
ing science can be advanced under particular instructional conditions (see
Smith et al., 2000). In Chapter 5 we discuss evidence related to both of these
examples.

The problem with reducing the power and limitations of children’s sci-
entific reasoning to developmental stages is further undermined by the en-
during challenges that many of these issues have posed to much older stu-
dents and even to practicing scientists. For example, although one can read
Inhelder and Piaget’s work (1958) as contending that an understanding of
experimental control emerges with formal operational thought, we continue
to train students well beyond adolescence in the logic of experimental de-
sign. Continuing with the examples used above, the differentiation of theory
and evidence poses even more challenges. Indeed, the philosopher of sci-
ence Stephen Toulmin (1972) has argued that observation and theory are at
some level inevitably entangled; in his words, “the semantic and empirical
elements are not so much wantonly confused as unavoidably fused” (p.
189). Delaying instruction until such a capability emerges through “develop-
ment” cannot constitute a strategic tactic, as development alone cannot ad-
equately elaborate the competence. Furthermore, there is mounting evidence
that instruction can advance these capabilities as well as many others.

In short, young children have a broad repertoire of cognitive capacities
directly related to many aspects of scientific practice, and it is problematic to
view these as simply a product of cognitive development. Current research
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indicates that students do not go through general stages of cognitive devel-
opment, and there are no “critical periods” for learning particular aspects of
science. Rather, cognitive capacities directly related to scientific practice usually
do not fully develop in and of themselves apart from instruction, even in
older children or adults. These capacities need to be nurtured, sustained,
and elaborated in supportive learning environments that provide effective
scaffolding and targeted as important through assessment practices.

Although there is much that is not understood about the relationships
between development and learning, the evidence is clear that a student’s
instructional history plays a critical role in her scientific knowledge, scien-
tific reasoning, and readiness to do and learn more science. Components of
the cognitive system (e.g., processing speed and capacity, strategies and
heuristics, metacognition) certainly are factors that contribute to a student’s
learning history, but so do other mechanisms that are manipulable by edu-
cators and constitute the “design tools” that a teacher can deploy to most
directly affect science learning.
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HOW CHILDREN LEARN SCIENCE

In Part II, we present reviews of the research on science learning in
early childhood through early adolescence. Over the past 50 years, new
tools, techniques, and theories about learning—coinciding with the emer-
gence of computer technology, cognitive and sociocultural learning theo-
ries, and new theory-building views of the nature of science—have expanded
and focused understandings of the ways in which science learning occurs.
The chapters in this part, organized around the four strands of science pro-
ficiency (see Box 2-1), synthesize research on learning, science learning,
and the dynamics involved in the growth of scientific knowledge.

Across the five chapters, we examine the literature on concept learning,
scientific reasoning, children’s understanding of the structure of scientific
knowledge, and the ways in which communication and representation prac-
tices that characterize scientific discourse and decision making impact learn-
ing. In most cases, we draw on research that was not explicitly organized
around the strands framework but is useful nonetheless in illuminating the
process of science learning within and across the four strands.

Chapter 3 reviews research on young children and provides an over-
view of the knowledge and skills they bring to school which provide a
foundation for learning science. Chapter 4 reviews literature related to Strand
1: Know, use, and interpret scientific explanations of the natural world.
Chapter 5 discusses evidence related to Strand 2: Generate and evaluate
scientific evidence and, explanations. Chapter 6 summarizes the research
evidence related to Strand 3: Understand the nature and development of
scientific knowledge. Finally, Chapter 7 discusses research related to Strand
4: Participate productively in scientific practices and discourse.
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A major theme across the chapters is how findings from research have
increasingly revealed interconnections between the four strands as children
develop scientific understanding at all grade levels. The evidence is espe-
cially strong that knowledge of the natural world (Strand 1, Chapter 4) and
the ability to generate and evaluate evidence and explanations (Strand 2,
Chapter 5) are closely intertwined. Work on the connections between Strands
1 and 2 and Strand 3—understanding the nature and development of scien-
tific knowledge (Chapter 6)—is more recent. However, this connection has
strong theoretical support, and emergent empirical work documenting the
links is compelling. Connections between Strand 4 (Chapter 7), productive
participation in science, and the other three strands have less direct empiri-
cal support in science. However, work in other subject areas, such as mathe-
matics and reading, supports the idea that there is a connection and that
the connection depends on incorporating certain science practices, like mod-
eling, and discourse practices, like argumentation, into science learning
environments.

Another major theme across Part II is the strong evidence from current
research that children are more capable than was once thought and that
implementation of the strands framework could begin as early as kindergar-
ten. In fact, basic research in cognitive development over the past few de-
cades has revolutionized the view of how children’s minds develop, from
infancy through adolescence. It turns out that children come to school with
a great capacity for learning in general as well as for science learning, and
they are able to engage in surprisingly sophisticated scientific thinking in the
early grades.

Finally, across the four chapters we review research on how science
reasoning and the growth of scientific knowledge develops in the elemen-
tary and middle school grades. The research reveals surprisingly diverse
capabilities within a given age group as well as variation within a single
individual depending on the nature of the task, problem, or inquiry at hand.
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Foundations for Science Learning
In Young Children

Major Findings in the Chapter:

e [n contrast to the commonly held and outmoded view that young chil-
dren are concrete and simplistic thinkers, the research evidence now
shows that their thinking is surprisingly sophisticated. Important build-
ing blocks for learning science are in place before they enter school.

e Children entering school already have substantial knowledge of the
natural world, which can be built on to develop their understanding
of scientific concepts. Some areas of knowledge may provide more
robust foundations to build on than others, because they appear very
early and bave some universal characteristics across cultures through-
out the world.

e By the end of preschool, children can reason in ways that provide belp-
Jful starting points for developing scientific reasoning. However, their
reasoning abilities are constrained by their conceptual knowledge, the
nature of the task, and their awareness of their own thinking.

Regardless of one’s theoretical orientation, by the time children enter
elementary school, no one would argue that their minds are empty vessels
awaiting enlightenment in the form of instruction. They come to school after
years of cognitive growth in which they have developed a wide range of
ways of understanding and reasoning about the world around them. Our
goal in this chapter is to describe the knowledge and skills that children
bring to school, beginning with the earliest understandings of infants. The
past 20 to 30 years of research paint a picture of young children as surpris-
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ingly competent and able to engage in learning across all four strands of
scientific proficiency from the very beginning of their science education.

We begin with a discussion of young children’s knowledge of the natu-
ral world. This knowledge can emerge as a consequence of a child’s every-
day interactions with the world as well as a result of the ways in which the
culture and its adult members explicitly impart information to children. In
some areas of instruction, such as reading, the role of preexisting knowl-
edge and understanding may be relatively modest, but in the area of science
education, children bring a great deal that is relevant. A major challenge is to
build on students’ existing knowledge of the natural world to help them
understand and use scientific knowledge.

Next we identify aspects of young children’s thinking that can serve as
the foundation for developing scientific reasoning in the elementary grades.
For example, young children understand that one thing can represent an-
other (such as a toy airplane or a scale model), which provides a starting
point for modeling. Finally, we consider precursors to children’s understanding
of how scientific knowledge is constructed. We include here their under-
standing of the ideas and beliefs held by other people and their ability to
assess the credibility of different sources of knowledge.

ORGANIZING THEMES

Several themes run repeatedly through the research on young children’s
emerging understandings of natural systems and their reasoning. The fol-
lowing three themes help organize the research summaries that follow:

1. Concern with explanation and investigation are central to children’s
learning and thinking at all ages. Even the youngest children are sensitive to
highly abstract patterns and causal relations. They use this information to
guide the ways in which they generalize, make inferences, and make sense
of the world. There is increasing recognition of the richness and variability
of children’s understandings that involve implicit and explicit, nonsymbolic
and symbolic, associative and explanatory components. There is no simple
concrete to abstract progression in children’s development.

2. Children develop explanatory insights in specific domains. Some key
domains of understanding may have a privileged status in belping with the
emergence of science. These include mechanics, folk biology, some aspects
of chemistry (e.g., an initial understanding of different substances), and folk
psychology, as explained below. These four domains have universal shared
components throughout the world and for children from all backgrounds in
the United States. They form an important cognitive common ground on
which to build more sophisticated scientific understandings. Roots of these
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domains extend back to preverbal thought and are therefore a legacy of
infancy.

3. Not only does the growth of scientific understanding involve a sense
of the patterns special to such domains as physics and biology, but it also
requires much broader cognitive skills that cut across domains. These in-
clude an ability to stand back and look at one’s knowledge and learning,
heuristics that enable one to efficiently process large amounts of informa-
tion, and strategies for acquiring, maintaining, and transmitting information.
This interplay between domain-specific forms of learning and domain-
general ones is central to any account of the emergence of scientific thought.

This chapter illustrates these three themes and how they are central to
recent research findings concerning how many of the building blocks of
scientific understanding emerge prior to school.

Much of the current science education curriculum is based on dated
assumptions about the nature of cognitive development and learning, as-
sumptions that lead to suboptimal teaching of science (Metz, 1995). It has
been common to view younger children as deficient in some manner, result-
ing in a focus on what they cannot do rather than what they can do (Gelman
and Baillargeon, 1983). That focus is a legacy going back more than 85 years
to Jean Piaget’s early studies of the ways in which normal children failed on
early versions of the standardized tests that later became widely used as
intelligence tests. It asks what children are “missing” and leads to analyses
asking when they acquire a certain component of thinking. As a result—in a
somewhat distorted interpretation of Piaget’'s work (e.g., Bruner, 1964; Werner
and Kaplan, 1963)—cognitive development has often been understood as a
series of artificial dichotomies in which children do or do not have a particu-
lar skill. The transition from being without the skill to having the skill is
understood as going through a developmental stage. Problems with this
perspective have long been recognized (Flavell, 1971; Linn, 1978; Pulos and
Linn, 1978; see also Metz, 1995, for an extensive discussion of the misappli-
cation of Piagetian ideas).

The emphasis on deficits and stages of abilities tends to look at highly
general characterizations of children’s capacities, emphasizing global defi-
cits that apply to almost all areas of thought. For example, preschool chil-
dren have often been claimed to be concrete, preoperational, precausal,
prelogical, and lacking the ability to think in relational terms. Only during
the elementary school years, or in some cases not until adolescence, were
children thought to transition to “higher” forms of thought. If these claims
were true as absolute deficits, they would suggest that children bring a radi-
cally different way of understanding the world with them when they enter
the elementary school classroom.
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One review has characterized three false and outmoded views about
limitations in elementary children’s thinking that are still widely embraced
by education practitioners (Metz, 1995): (1) Elementary schoolchildren think
in concrete as opposed to abstract terms. (2) Elementary schoolchildren can
make sense of their world primarily in terms of ordering and classifying
objects and relations and not in terms of explanatory understanding or the
building of intuitive theories. (3) Elementary schoolchildren cannot use ex-
perimentation to develop their ideas. All three of these views, as well as
other views of broad cognitive limitations of elementary schoolchildren, and
even many preschoolers; are no longer accepted by the cognitive develop-
mental research community (see Carey, 1985; Gelman and Baillargeon, 1983;
Gelman and Kalish, 2005; and Metz, 1995, for reviews).

EARLY CONCEPTUAL UNDERSTANDING OF
NATURAL SYSTEMS

In all cultures, whether they are highly technological or profoundly tra-
ditional, there are natural systems that everyone encounters in common and
must explain. These form our point of departure for discussing what chil-
dren bring to school in terms of scientific understanding. Four systems have
been extensively studied in infants and young children: the simple mechan-
ics of solid bounded objects, the behaviors of psychological agents, the
actions and organization of living things, and the makeup of substances and
materials. Infants throughout the world seem to understand these four natu-
ral systems in the same way and, to the extent that cross-cultural work has
been done with older children, there are considerable commonalities for
preschoolers as well. Although these common sets of understandings may
diverge more and more in the elementary school years and beyond, they do
represent a shared understanding that is a critical foundation for the teach-
ing and learning of science. In older children, there has also been consider-
able study of their understanding of cosmology and larger scale earth sys-
tems, such as weather, ecology, and such processes as volcanic eruptions,
tides, and mountain formation. Beliefs in these areas can vary dramatically
across cultures and form an interesting contrast to systems that seem to be
partially grasped at a much earlier age, but even with large-scale earth sys-
tems, there are important common threads.

Naive Physics

Simple and universal rules govern the behaviors of the physical world,
or at least seemingly simple ones at a macroscopic scale. Consider, for ex-
ample, bounded solid objects, such as rubber balls, wooden doors, and rigid
sticks. One knows that solid objects cannot move through each other, that
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any changes in their movements are the result of forces outside them, either
through direct contact, such as in a collision, or through gravity. One knows
that action at a distance between two objects, such as with magnets, is
unusual. One also knows that objects tend to endure over space and time.
They cannot blink out of existence and then reappear at a different time or
in a different place, except in science fiction.

It might seem that knowledge of this sort takes years to acquire. A baby
and a young toddler would have to carefully observe the behaviors of physi-
cal objects and gradually, from this observational data, induce a set of beliefs
that would become their intuitive theory of physics. Given that the simple
and elegant rules of Newtonian mechanics were not apparent until Newton
himself labored over the topic for many years, how could one expect an
infant or a toddler to have any set of coherent expectations about the physi-
cal world? It now is clear that, well before their first birthday, infants do have
such expectations and they continue to develop in the preschool years.
They are definitely not in the form laid down in Newton’s Principia, but
they do enable infants and children to anticipate and interpret many aspects
of their physical worlds.

The research literature on infants’ conceptions of physical objects has
burgeoned in the past two decades and cannot possibly be fully surveyed
here (see Baillargeon, 2004; Cohen and Cashon, 2006; Mandler, 2004;
Munakata, Casey, and Diamond, 2004, for discussions of large segments of
this literature). Instead, we provide a few examples of the ways in which
infants are and are not successful. One set of studies concerns intuitions
about object permanence and solidity. It now appears that, at least by the
fourth month of life, infants “know” that solid objects cannot interpenetrate
and that they continue to exist over space and time even when out of sight.

One now classic line of studies in this area had infants observe a flat
barrier swinging both toward and away from them through 180 degrees of
arc on a surface, such as a table. Infants were shown the 180 degree event
several times until they became disinterested (i.e., habituated) to the stimu-
lus. They were then shown a small solid object that was placed behind the
barrier in such a way that would prevent the barrier from swinging through
the full 180 degrees (see Box 3-1 for diagram). Infants looked longer at
displays in which the barrier went through the full 180 degrees (the hidden
object disappeared through a trap door) than at displays in which the barrier
stopped, for the first time, at say 110 degrees, a novel stopping position but
one that was consistent with assumptions about object solidity and perma-
nence (Baillargeon, 1987; Baillargeon, Spelke, and Wasserman, 1985).

In other studies, infants expected that a small vehicle moving behind a
barrier would reemerge only when a block behind the barrier was not di-
rectly in its path (Baillargeon, 1986). In still other lines of work, infants
looked longer when a vertically dropped object seemed to end up in a
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Box 3-1 Infants’ Understanding of the Physical World

Habituation Event

ol e

Y
/ \

Test Event
Possible Event

The diagram above shows the kind of apparatus used to study infants’ understand-
ing of the barrier phenomena. Infants are first habituated to a screen that rotates
through a 180 degree arc, in the manner of a drawbridge. Next, a large box is placed
behind the screen. In the possible event, the screen stops when it encounters the
box (112 degree arc); in the impossible event, the screen stops after rotating through
the top 80 percent of the space occupied by the box (157 degree arc).

SOURCE: Baillargeon (1995).
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position that implies it must have moved through an intervening, but oc-
cluded, solid platform (Spelke, 1991). Longer looking by infants is widely
accepted as an indication that they have seen an event that violates their
expectations.

There is also, not surprisingly, considerable learning about the physical
world during infancy. For example, younger infants are sensitive only to
large and obvious conflicts between the barrier and obscured block and will
not notice smaller discrepancies, such as when the barrier stops 30 degrees
too early (Baillargeon, 1995). Thus, they need to learn to calibrate the geom-
etry of physical events with their consequences. Similarly, an appreciation
that an unsupported object will fall down takes time to develop (Spelke and
Kyeong, 1992). Other researchers argue that competing ways of thinking
about objects during infancy are resolved only gradually, over a period of
several months (Munakata et al., 1997). Regardless of the details of how
quickly infants gain a single clear view of the nature of the physical world,
there is substantial agreement that, by the end of the first year of life, they
have expectations about objects that fit with many principles governing the
behaviors of bounded physical objects.

By 12 months of age, infants are capable of taking into account physical
dimensions and magnitudes and their consequences for events. As noted
earlier, they consider the angle of movement of a swinging barrier as it
relates to the size of an object behind it. They also understand that bigger
objects in motion are likely to have bigger consequences. For example,
when 11-month-olds observe a cylinder roll down a ramp and move another
object through collision, they infer that a larger novel cylinder will move the
object more and that a smaller cylinder will move it less (Kotovsky and
Baillargeon, 1994). More broadly, while starting early with some very gen-
eral ideas about solidity and spatiotemporal continuity (Spelke et al., 1992,
1995), infants are constantly refining those ideas into forms that enable more
subtle inferences about objects and their behaviors over intervals of time
and space (Baillargeon, 2004). By the end of the first year, infants also have
a clear sense of causation as opposed to mere correlation or contiguity.
Thus, even if one event reliably occurs before another one, infants may not
infer causation unless there is also some degree of plausible mechanism,
such as one object launching another through collision (Leslie and Keeble,
1987). They can also make inferences about unreasonable versus reasonable
hidden causes of the motion of an inanimate object (Saxe, Tenenbaum, and
Carey, 2005).

Ongoing research is now asking how a 1-year-old’s mental representa-
tions of the world should be best characterized. Should her ability to antici-
pate the behaviors of physical objects be seen as her having beliefs like
those of an adult, or could it reflect mental processes that are less explicit
and belief-like in nature? (See Leslie, 1994, for further discussion of these
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issues.) To what extent can the 1-year-old flexibly use those mental repre-
sentations to understand more novel problems with physical objects? An-
swers to these questions will help to clarify not only how older children’s
physical knowledge becomes more explicit but also how that explicit knowl-
edge interacts with earlier preverbal forms.

One intriguing example of the limits of physical understanding in in-
fancy is seen in tasks in which toddlers fail what seem to be the same
solidity problems that infants pass. In one task, children observed a display
in which several wooden boards could block a ball rolling down a ramp on
which the blocks were placed. A low wall was put in front of the blocks and
ramp, occluding most of the ramp but keeping the tops of the blocks visible,
and a ball was then put into motion on the high part of the ramp that was
still visible. When 2-year-olds were asked to open a door where they think
a rolling ball will be, they often open the door that would require the ball to
move through a salient solid barrier (Keen, 2003). The same children do
much better when the two doors are opened simultaneously by another
person and they merely have to react to expected and unexpected out-
comes. Such actions as retrieval or catching add new levels of complexity in
terms of representing the spatial arrangements of hidden objects, levels that
can overwhelm 2-year-olds (Freeman et al., 2004; Hood, 2004; Kloos and
Keen, 2005).

More broadly, one sees that, in certain tasks, some elements of physical
object knowledge are emerging very early, but that the ability to use this
knowledge in a wider range of tasks, including those that require planning
or coordinating sequences of actions on the part of the child, takes consid-
erable time to develop. In addition, children through their own actions
often provide critical feedback that adults might not normally provide. Thus,
while adults rarely put objects on surfaces from which they will topple off
because they aren’t adequately supported, younger children and infants
(e.g., Baillargeon, 2004) will do so and will therefore gain valuable new
information concerning the mechanics of physical objects. Finally, knowl-
edge can sometimes be implicit in a child’s action before it is accessible for
other, more explicit uses. For example, 5-year-olds will adjust the angle and
strength of their throws of a ball in ways that nicely anticipate the trajecto-
ries needed for projectiles to hit particular targets, at the same time showing
strong errors in their guesses of correct launch speeds for the same targets
(Krist, Fieberg, and Wilkening, 1993; see also Shanon, 1976). Over the next
several years, their explicit ability to predict projectile trajectories gradually
improves, although even in adults there are vestiges of the kindergarten
errors (Krist et al., 1993; Shanon, 1976). Indeed, a large literature has shown
that several naive errors about physical trajectories persist in most adults
(Bertamini, Spooner, and Hecht, 2004; Carmazza, McCloskey, and Green,
1981; Clement, 1982; Hecht and Bertamini, 2000).
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Preschoolers have a quite sophisticated sense of the sort of mechanical
causality that is intrinsic to the motion of simple physical solids. For ex-
ample, when two events precede another one, they will usually correctly
sense which is more physically plausible and then prefer it as the cause
(Bullock, Gelman, and Baillargeon, 1982; Gelman and Lucariello, 2002). When
preschoolers’ spontaneous explanations of various entities are examined in
large transcriptions of everyday speech, the children flexibly and easily em-
ploy causal reasoning, using different kind of explanations depending on
whether the events are thought of as physical, psychological, or biological
(Hickling and Wellman, 2001). They show similar distinctions in more ex-
perimental tasks (Heyman, Phillips, and Gelman, 2003). Indeed, when asked
to explain anomalies in physical regularities, children use very different pat-
terns of reasoning than when explaining anomalies in social conventions of
moral rules (Lockhart, 1981).

Preschoolers are also adept at inferring hidden causes. Thus, they as-
sume that similar external motions of animate and inanimate objects are
governed by radically different internal causes (Gelman, Durgin, and Kaufman,
1995). They understand that unseen factors must be linked to observable
ones in systematic ways that are mechanistically mediated (Yoachim and
Meltzoff, 2003). Moreover, preschoolers are quite sophisticated at using com-
plex patterns of covariation over time to infer hidden causes and not just
correlations (Gopnik et al., 2004), although often such inferences may be
constrained by prior mechanistic theories that they are applying to those
tasks (Griffiths, Baraff, and Tenenbaum, 2004). Finally, preschoolers will
track a sequence of events occurring in causal chains and infer that the first
event in that chain is most likely to be the most important cause (Ahn et al.,
2000), a strategy frequently used by adults as well.

A wvast literature on science “misconceptions” argues that erroneous
beliefs about the physical world are held by many, ranging from preschoolers
to adults. And many of these beliefs are highly resistant to change by in-
struction (Chi, 2005). Much of that literature, especially in the area of me-
chanics, has focused on high school and college students (e.g., Brown and
Clement, 1987; Carmazza, McCloskey, and Green, 1981; Minstrell, 1983,
1988; Clement, 1982); there have been many fewer studies of younger pre-
school or elementary schoolchildren (Doran, 1972; Toannides and Vosniadou,
2002; Viennot, 1979). This literature makes clear, however, that the elegant
theoretical construction of Newtonian mechanics (including its three pri-
mary laws of motion) is by no means obvious even to high school or col-
lege students who have had courses in introductory mechanics.

Student misconceptions are sometimes revealed in tasks in which they
are asked to predict the trajectories of objects or evaluate whether an ob-
served trajectory is possible or impossible, but even more often when they
are asked to identify and explain the forces acting on an object in a given
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situation. For example, many students predict that a moving object emerging
from a circular tube will continue in a circular trajectory once it emerges
from the tube (rather than flying off in a straight line path), or they predict
that a person running off a cliff will (as in a Wile E. Coyote cartoon) con-
tinue a short way off the cliff before abruptly falling straight down.

Although even young children, like adults, have an explicit concept of
force that they use to explain what happens in different physical situations,
the meaning of force is an intuitive one, very different from the mathematicized
notion embodied in Newtonian mechanics. They tend to think of forces as
active pushes or pulls that are needed to explain an object’'s motion, rather
than coming in interactive action-reaction pairs that are needed to explain
not an object’s motion but its change in motion (acceleration). Thus, they
see forces in situations in which a physicist has no need to postulate a force
(e.g., when a coin is thrown upward, they postulate an upward force is
imparted to the object from the hand for the duration of the upward trajec-
tory to explain why it continues to go up), and they fail to see forces that are
essential to a Newtonian analysis (e.g., many of the action-reaction pairs that
are so central to a Newtonian analysis, such as the force exerted by a table
on a book when it is resting on the table). They do not clearly distinguish
between force and momentum, acceleration, position, and speed or be-
tween instantaneous and average velocity. In light of these findings, some
have suggested that high school students may have an alternative naive
theory of motion, akin in many respects to historically naive impetus views
of the sort proposed by Aristotle or the medieval impetus theorists (Caramazza,
McCloskey, and Green, 1981; Espinoza, 2005).

Others have argued that viewing these misconceptions as stemming from
a highly coherent alternative impetus theory is misleading for several rea-
sons (diSessa, 2004; Smith, diSessa, and Roschelle, 1993). First, it suggests
that students are more consistent in their erroneous reasoning than they
actually are. Although they may appeal to impetus notions in some tasks,
they may not use them in other tasks in which they would be relevant.
Second, it overlooks many other notions that students appeal to in their
physical explanations, such as balancing, overcoming, or resisting. DiSessa
argues that everyday physics is better thought of as exploiting a fairly large
and diverse number of these low-level (often inarticulate) explanatory frag-
ments that are evoked, often quite independently, in different contexts. Third,
the naive theories account overlooks many of the points at which students’
intuitions are actually in accord with mature physical analysis. For example,
although students may not see the balance of forces in the situation of a
book on a table, they do provide this analysis when analyzing a book on an
outstretched hand. Thus, they are not as devoid of positive intuitions as the
misconceptions literature would suggest. On this analysis there is much valu-
able knowledge, though admittedly often at an inarticulate subconceptual
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level, acquired from rich everyday experience with objects that can be drawn
on as resources in physics teaching.

Considerable research is still needed to map out the ways in which
infant expectations about physical objects transition into the expectations
and beliefs held by preschoolers and elementary schoolchildren. However
those studies turn out, however, it is clear that children entering elementary
school should not be characterized as merely having a batch of misconcep-
tions. The many ways in which they do correctly sense some of the behav-
jors of simple mechanical objects should be central to their teaching and
learning of science.

Naive Psychology

People, as well as many other organisms, behave in ways that are imme-
diately interpreted in terms of their having goals, desires, and beliefs that
help to explain their actions. Moreover, their actions have a different quality
from those of the inanimate world (Spelke, Phillips, and Woodward, 1995).
People can easily act on each other at a distance. A facial expression, a
comment, or a gesture can cause another agent to spring into action in ways
that are directly related to that first event, even though it may be spatially
quite distinct. Causes have no obvious proportionality to their effects. A
whisper might cause an eruption of action, while a shout may cause inhibi-
tion of action. In a different situation, the opposite may occur. Animate
things can change their direction midcourse, while simple objects require an
external force to change their trajectories. There are patterns of contingency
between people that are quite distinctive, so that one person tends to re-
spond to the actions of the other after a characteristic temporal delay
(Scassellati and Gold, in press).

The domain of people (and other intentional agents) and their actions
corresponds roughly to the research areas of psychology and cognitive sci-
ence. Although psychology and cognitive science are not typically areas of
science instruction in the elementary school, much of the scholarship in
those fields arises from experimental research very much in the tradition of
the biological and physical sciences.The contrast between simple mecha-
nical objects and intentional agents is one of the most robust and earliest
emerging cognitive distinctions in development. Children’s emerging under-
standing of psychology may be a critical component that they bring to the
learning of science in elementary school. For example, understanding and
engaging with the beliefs and ideas of other people play an important role
in science discourse.

Infants are quite sensitive to the differences in the behavior of people
(or other entities considered to be intentional) and inanimate solid objects.
They have different expectations about the focus or location of future ac-
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tions when they perceive an entity to be goal directed. For example, if an
inanimate rod reaches out to touch a particular object, such as a teddy bear,
in a given location, such as the left of a screen, 5-month-old infants will
expect the rod to return to the same location regardless of what object is
there. By contrast, if a hand reaches out to the teddy bear, they will expect
it to go to the same object regardless of its location, presumably because
they infer that the object is desired by the animate creature possessing the
hand (Woodward, 1998). As another example, if an object responds to an
infant’s vocalizations by making nonsense sounds back with a slight tempo-
ral lag, and if the object then turns 90 degrees, 12-month-old infants will turn
as well to see where the object is “looking,” even though there are no
obvious facial features on the side that was initially facing them (Johnson,
and Carey, 1998; see also Watson, 1979). In other words, the infant uses the
pattern of vocalization to infer that the object is like a person (i.e., it has
intentions). In addition, a certain kind of contingency-based movement of a
simple triangle is enough to trigger in infants inferences of a social agent
with specific intentions when the same triangle might otherwise be seen as
a simple inanimate object (Kuhlmeier, Bloom, and Wynn, 2005).

Infants use a wide variety of cues, ranging from facial features to contin-
gent responding, to infer that an object is an intentional agent, and, once
they make that categorization, they have radically different expectations about
the entity (Johnson, 2003; Woodward, Sommerville, and Guajardo, 200D).
They also expect very different paths of movement. They think it odd that a
cylinder should act on another one across a spatial gap, but they do not
think it odd that people should do so (Spelke, Phillips, and Woodward,
1995), and they assume that animate creatures can move in ways that
inanimates cannot (Kuhlmeier, Bloom, and Wynn, 2005). For example, they
assume that, if a ball has repeatedly hopped over a barrier on its way to a
destination, it will continue to do so when the barrier is removed. Yet if cues
are provided that the ball is an intentional agent, 12-month-olds will assume
that the intentional ball will now go on an entirely new straight-line trajec-
tory right toward the destination (Gergeley et al., 1995; Csibra et al., 1999).
Thus, they seem to assume that the laws of classical mechanics are sus-
pended as soon as an entity is assumed to have goals, desires, and beliefs.
As with the case of mechanics, it is still not known to what extent the infant’s
knowledge of psychology is explicit and within the infant’s awareness as
opposed to being implicit knowledge that consists mainly of automatic re-
sponses (Leslie, 1994).

After infancy, the young child’s understanding of the mind develops
quite dramatically. One of the most discussed developments concerns the
emergence, during the third year of life, of an ability to understand that
intentional agents might have false beliefs that lead them to behave differ-
ently from when they might have true beliefs (Perner, Leekam, and Wimmer,
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1987; see Box 3-2 for examples of tasks used to study theory of mind).
Children seem to progress from seeing agents as simply driven by desires to
being driven by beliefs and desires that interact in a systematic and reliable
way (Wellman, 1990). Over much of childhood, there continue to be ad-
vances in thinking in even more subtle ways about how mental states and
processes are causally related to actions (Flavell, 1999).

The nature of thought about intentional agents is vividly revealed through
the study of individuals with autism. Although their understanding of mo-
tion in the physical world may be relatively intact, their understanding of
other people’s beliefs may be seriously deficient (Baron-Cohen, 1995). Such
results give support to the idea that cognitive development proceeds some-
what independently in each domain of knowledge.

In short, from early in infancy, the social world is seen as patterning in
dramatically different ways from the physical world. Infants have entirely
different sets of expectations about entities in the two worlds, expectations

Box 3-2 Tasks Used to Study Children’s Ideas About the Mind

In a standard test for children’s understanding of false belief (Wimmer and
Perner, 1983), children watch while a doll puts some chocolate in a cupboard and
leaves the room. The chocolate is then moved in the doll's absence, and the doll
returns. Children are told that the doll now wants the chocolate, and they are
asked to say where the doll will search. Before children have an understanding of
others’ minds, they are more likely to say the doll will search in the new location.
Once they have developed an understanding of false belief, they will predict that
the doll will search in the old location. In fact, there is a robust improvement be-
tween age 3 and age 5 in children’s ability to predict that the doll will search in the
old rather than the new location.

A number of other tasks have also been used to explore children’s developing
understanding of the mind. For example, they may be asked to explain a character’s
actions in a story (e.g., Jane is looking for her kitty under the piano. Why is she
doing that?) (Bartsch and Wellman, 1989). In another task, children watch as Coke
is taken out of a Coke can and replaced with milk out of sight of a story character.
They are then asked how the character feels about being offered the can to drink,
before the character has taken a sip and discovered it is milk; 3- and 4-year-olds
often refer to what they themselves know about the contents of the can (it is
milk), rather than what the character would believe (it is Coke) (Harris et al., 1989).
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that influence later developments in more elaborate and explicit beliefs about
the minds of others. There are two ways in which a developing folk psy-
chology and cognitive science are relevant to science education. First, they
are domains of scientific activity, and the child’s intuitive knowledge can be
understood as forming the basis for later explicit instruction on the topic.
Second, the cognitive science of science itself is an important part of the
science education of the child (Klahr, 2000). For example, an understanding
of the subjectivity of knowledge and of potential distortions in communica-
tion is essential to being able to engage in science and is deeply dependent
on an understanding of the mind and how it acquires and uses knowledge.

Naive Biology

Given the extraordinary changes in conceptions of the living world over
the past few hundred years, it is obvious that the very young child could not
possibly have a fully accurate grasp of current biological knowledge. After
all, only a few hundred years ago, some of the most learned members of
Western society thought that the brain might simply be a large cooling organ
for the rest of the body (Zimmer, 2004). Modern molecular biology is a
product of the past 60 years or so, and introductory college biology courses
of the 1940s have almost no overlap with those of today. In light of these
dramatic historical changes, it might seem that a preschooler, let alone an
infant, might have no sense whatsoever of the biological world as a distinct
domain of causal regularities, mechanisms, and principles.

There is little evidence that infants appreciate the biological world as
distinct. They do easily discriminate biological motions, such as walking,
from nonbiological ones (Bertenthal, 1993; Booth, Pinto, and Bertenthal,
2002); however, the ability of newborn chicks to make similar discrimina-
tions illustrates the point that a mere ability to discriminate biological motion
from nonbiological forms should not be overinterpreted in terms of its role
in the emergence of biological thought (Vallortigara, Regolin, and Marconato,
2005). Many organisms—whether predator, prey, or both—may have strong
reasons for needing a dedicated perceptual system tuned to detect biologi-
cal motions in the surrounding environment.

Older human infants will classify animals together even when they dif-
fer dramatically from each other in appearance, and they will keep apart
animals and artifacts (such as birds and toy planes) even when they have
strikingly similar appearances (Mandler, 2004). But those acts of categoriza-
tion, albeit at an apparently abstract level, may be based on seeing the
animals as intentional agents compared with the inanimate objects. Along
those lines, one view of the emergence of biological thought argues that the
infant and the young child initially have no sense of the living world as such
and instead only think of living things either as social beings (most animals)
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or as inanimate objects (most plants) (Carey, 1985). An understanding of the
biological world as a domain with its own principles is thought not to emerge
until well into the elementary school years (Carey, 1985, 1988). Animals are
distinctive only insofar as they are also understood as social agents with
desires, goals, and other cognitive and emotional states that help explain
their actions. Since young children will often attribute properties to animals
on the basis of their psychological similarities to humans (e.g., dogs eat but
worms do not because eating is understood as feeling hungry and feeling
satiated or as requiring a clearly visible mouth), they often mistakenly
underattribute biological properties to simpler organisms in both the animal
and plant kingdoms (Carey, 1985, 1988).

Young children can also be remarkably ignorant about many of the
mechanisms that underlie biological processes, such as digestion, move-
ment, and reproduction. Thus, preschoolers may grossly misconstrue the
inner workings of the body that digest food; they have little sense of how
the body breaks down food into simpler compounds through mechanical
and chemical means (Gellert, 1962; Nagy, 1953). Similarly, they have no
sense of how organic molecules release energy units that are used to con-
tract muscles and enable movement. Nor do most children know about sex
gametes, how they come into contact, and how they result in a fertilized egg
that differentiates into a fetus. Because of these clear deficits, it is easy to
infer that young children have no understanding of the living world. More-
over, their tendency in some contexts to generalize properties based on
psychological similarity suggests that they might be understanding biologi-
cal entities and processes in psychological terms.

At a different level, however, there is considerable evidence suggesting
more precocity in children’s abilities to track the distinctive nature of causal
and relational patterns in the biological world (Inagaki and Hatano, 2006;
Keil, 2003). Consider again the case of digestion. Although young children
do not understand the physiology of digestion in any sort of detail, they do
seem to figure out early on that food is transformed in some manner that
gives organisms the ability to grow and to move (Inagaki and Hatano, 2002).
They understand that an organism will physically deteriorate if it cannot
ingest food, they know that the transformation of food is essential to its
being usefully employed by the body, and they know that only plants and
animals transform food and need to digest it (Toyama, 2000). It therefore
seems that, at a more abstract functional level, preschoolers do have a sense
of some of the distinctive operations and processes that are essential to
digestion. In that way, they are not so different from adults. Most adults also
have poor or mistaken knowledge of biological mechanisms, believing for
example that most of the solid mass of plants arises from the soil, often
completely missing the huge contribution from gaseous carbon dioxide (Driver
et al., 1994). At this mechanistic level of analysis, one can find a huge array
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of misconceptions about biology not only in children but also in most adults
(Driver et al., 1994). Moreover, people of all ages think that they understand
such mechanisms far better than they really do, leading to a false impression
of having detailed mechanistic understandings (Rozenblit and Keil, 2002;
Lawson, in press; Mills and Keil, 2005).

The story for digestion is repeated for most other areas of biology. Both
children and adults have glaring gaps in their knowledge and often outright
false mechanistic details, at the same time sensing higher level functional
patterns quite well. They understand general patterns of growth and re-
growth (Hickling and Gelman, 1995; Backscheider, Shatz, and Gelman, 1993),
what sorts of properties are likely to be inherited (Springer and Keil, 1989;
Gimenez and Harris, 2002), and how something extracted from food helps
enable movement (Inagaki and Hatano, 2002). Active debates remain con-
cerning the extent to which children are thinking about living things as a
distinct and neatly bounded group. Beyond those debates, children appear
to pick up on patterns related to function that help support their thinking
about biological kinds (Gelman, 2003; Gelman and Hirschfeld, 1999). Also,
children in other cultures may not be swayed by psychological similarity in
the same way that North American children are when making judgments
about biological properties (Atran et al., 2001; Medin, Unsworth, and
Hirschfeld, in press). Indeed, as is the case with physics, a core sense of
biological entities as such may often be present but obscured by the context
of a task and how it is framed. For example, if preschoolers carrying out a
task are given brief cues suggesting that they should attend to internal mecha-
nisms rather than social factors, they will make inductions that are based on
biological as opposed to psychological similarity (Gutheil, Vera, and Keil,
1998).

Children may zero in on the domain of living things by realizing that
they occur at the intersection of two kinds of causal and relational patterns,
each of which individually may apply to entities in multiple domains, but
which in concert uniquely pick out the living world (Keil, 1992). Consider,
for example, three such patterns: (1) a rich internal, microstructural essence
(that is, a true, underlying nature); (2) deep taxonomic embedding (i.e.,
placed in an ordered system of groups and categories that indicates relation-
ships); and (3) teleological interpretations (i.e., being seen as having a pur-
pose). It is common to think of all categories of natural entities, such as
chemical elements and biological species, as having essences (e.g., atomic
number, DNA) but artifacts do not (there is no inner essence of chair) (Gelman,
2003; Keil, 1989). This essentialist view for natural kinds is not strictly correct
(Keil and Richardson, 1999), but it is a useful heuristic. It is also common to
think about parts of biological systems as having purposes, but it is not
common to do so for nonliving natural kinds. This teleological stance, in
combination with the essentialist bias, helps children pick out all and only
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living kinds. Finally, the idea that biological entities are embedded in rich
and deep taxonomies may not be strictly true for only living things, but
when used with the essentialist bias and teleological interpretations, it helps
to further demarcate the set of living things. Moreover, there are strong
cross-cultural universals in the use of folk biological taxonomies, suggesting
a way of organizing the living world that remains robust across both culture
and development (Lopez et al., 1997).

The use of a teleological or “design” stance to understand living things is
particularly interesting. When children are asked to explicitly reject or ac-
cept whether functional attributions can be made about nonliving natural
kinds, such as rocks, preschoolers tend to give a functional attribution
(Kelemen, 1999). Yet the ability to make explicit judgments about whether a
teleological explanation is applicable may emerge later. Young children may
in fact have a more tacit understanding that is revealed in their spontaneous
use of such explanations in attempts to learn more about the biological and
physical worlds. For example, when preschoolers are shown novel artifacts
and living things, their spontaneous questions about them reveal sharply
contrasting patterns for artifacts and living things. They tend to ask more
questions about the purposes of whole artifacts and about the parts of ani-
mals rather than about the purposes of whole animals (Greif et al., 2006).
Thus, when children later enter a more formal setting of science education,
their competence may be underestimated if they are assessed in terms of
their judgments of the appropriateness of certain forms of explanation for
certain phenomena. Greater competence may be revealed by looking at
their spontaneous use of questions.

Overall, well before elementary school begins, children are sensitive to
a variety of high-level causal and relational patterns that are particularly
useful for reasoning about living things. The most dramatic cases of cogni-
tive change seem to involve learning about more detailed mechanisms of
biological systems, much of this occurring during the elementary school
years. In addition, an explicit awareness of plants and animals as a distinct
domain governed by unique sets of mechanistic principles may undergo
considerable development during childhood; it may change from a simple
notion of seeing plants and animals as special because of a vital force to
seeing them as engaging in unique metabolic activities (Inagaki and Hatano,
2002, 2006).

Substances and Their Transformations

As adults, people think of chemistry as the study of the composition of
matter and changes that it can undergo, both in isolation and in combination
with other forms of matter. There is a great deal of knowledge involved in
mature scientific notions of chemistry, ranging from atomic theory, to mecha-
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nisms of chemical bonding, to the dynamics of phase changes. Again, it is
clear that children cannot possibly be expected to know the details of or-
ganic and inorganic chemistry, the thermodynamics of compounds chang-
ing states, or why there are clusters of elements in the periodic table with
similar chemical properties. Most adults have only the most shallow grasp of
such matters, even those with advanced degrees. As with other domains, it is
easy to document a host of dramatic misconceptions if one approaches
naive ideas related to chemistry in this manner. There are, however, other
ways of thinking about matter, substance, and transformation that appear to
have much earlier developmental roots. Although there has been much less
research on infants’ and preschool children’s understandings of matter and
materials than their understandings in other domains, a consistent pattern is
suggested.

Infants may have no conception of the makeup of matter, but they do
seem early on to know that substance and the stuff that things are made of
apply to a different level of conceptual analysis from thinking of things as
objects. Preverbally, they seem to know that food is often understood most
importantly in terms of the substance it is made of, whereas tools are often
most importantly understood in terms of their shapes (Santos, Hauser, and
Spelke, 2002). In the earliest stages of word learning, they know that mass
nouns (some x) will refer to substance, whereas count nouns (an x) refer to
bounded objects, apparently building on a earlier emerging prelinguistic
understanding of this fundamental contrast (Imai and Genter, 1997; Soja,
Carey, and Spelke, 1992). During the preschool years, children learn not
only words that name specific kinds of objects (e.g., boats, cups, airplanes)
or bounded entities (e.g., lakes, puddles, rivers), but also words that name
specific kinds of materials (e.g., wood, glass, plastic, water, juice, sand) and
the perceivable properties of things (e.g., large/small, heavy/light, rough/
smooth, red/green, shiny/dull, hot/cold, sweet/salty). Such naming prac-
tices could not proceed without some sense of the substances that objects
are made of and the ways in which the substance itself confers properties on
an object (Gelman and Kalish, 2005).

Although preschoolers still have much to learn about distinguishing and
relating object and material levels of description, they are by no means
clueless about the patterning of properties at these levels. Indeed, they have
several emerging high-level insights that they can build on in subsequent
learning. First, in several studies with children from both middle and lower
middle-class backgrounds, 3- and 4-year-olds seemed to appreciate the ho-
mogeneous structure of materials (Au, 1994). For example, they often judged
that an arbitrary portion of a chunk/pile of a given substance was still the
same kind of substance as the whole chunk/pile. They also began to distin-
guish substance-relevant properties (such as taste, smell, whether it melts or
burns, the color it turns when in certain reactions) that would be maintained
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across different portion sizes and more entity-relevant properties (such as
coarseness, its capacity to blow away or break another object, fit into a
certain space, or its shape) that would not.

Although children were far from perfect in their judgments, especially
when materials have been ground into powders or invisible pieces, these
and other studies (e.g., Gelman and Markman, 1986, 1987) have shown that
preschool children, like adults, can use a notion of material kinds as a basis
for making inductive inferences about the properties of things, even when
such judgments are pitted against judgments based on global perceptual
similarity. In addition, from about age 4, they realize that the same type of
object can be made from different materials (e.g., a toy airplane made of
paper or wood, a spoon made of plastic or metal) or that two different
objects (e.g., a spoon and a cup) could be made of the same materials
(Dickinson, 1987). They also realize that transformations (such as cutting,
grinding, or breaking) that destroy object identity do not need to change the
identity of the kind of material an object is made of. For example, if one cut
a wooden toy airplane into pieces, it would no longer be an airplane, but it
would still be wood (Smith, Carey, and Wiser, 1985).

Another somewhat early developing notion is the belief in conservation
of “amount of matter or stuff” under certain simple transformations in shape,
as evidenced in Piaget and Inhelder’s famous conservation studies (1974).
For example, 5- to 7-year-old children are beginning to realize that changing
the shape of an object (rolling a clay ball into a long thin snake-like shape or
pouring a liquid from one shaped container to another) does not change the
amount of stuff in the object or the amount of liquid in the container. Again,
children are beginning to look beyond differences in surface appearance to
make inferences about some theoretically important quantity that has been
conserved—in this case, “the amount of matter or stuff.” These are perhaps
some of the most widely studied and replicated findings in all of develop-
mental psychology, although the replications suggest that many features of
how the tasks are presented can affect how well the questions are under-
stood, children’s pattern of judgment, and the age at which they give “con-
servation” answers (Gelman and Baillargeon, 1983).

Initially, children who make these conservation judgments base their
arguments on references to features of transformation history—nothing
appeared to be added or removed—or base their arguments on qualitative
compensation arguments (e.g., general trade-off between height and width
of containers). They generally have no means yet of directly measuring,
quantifying, or comparing the amount of matter in the two samples. Devel-
oping a deeper understanding of the (approximate) conservation of amount
of matter and mass across a much broader range of transformations (includ-
ing dissolving and across chemical and phase changes), in contrast, is a
protracted process and requires more explicit science instruction and self-
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conscious theory-building on the child’s part, learning to measure volume
and weight and, in some cases, developing an atomic-molecular framework
of matter (Smith et al., 2006; Stavy, 1995).

Chemistry is a domain in which some of the clearest cases of dramatic
conceptual change have been documented during childhood, at both the
macroscopic and atomic-molecular levels. For example, although even pre-
school children understand that objects vary in their size and weight, their
initial understanding of these magnitudes is grounded in their perceptual
experiences, rather than an explicitly articulated theory of matter. Size is
“perceived global bigness,” in which different spatial dimensions have not
yet been differentiated. Weight is “felt weight,” in which weight and density
have not yet been differentiated as distinct physical magnitudes. Children
often judge that some light objects, like a small piece of Styrofoam, weigh
“nothing at all” because they exert no force on their hand (Smith, Carey, and
Wiser, 1985; Smith, Solomon, and Carey, 2005). Hence, their understanding
of these properties undergoes dramatic change as they construct distinct
measures of weight and volume, come to see them as central properties of
all matter, and interrelate these quantities in a distinct concept of density tied
to their notion of material kind (Lehrer et al., 2001; Smith, Carey, and Wiser,
1985; Smith et al.; 1997; Smith, Solomon, and Carey, 2005).

Furthermore, when young children are beginning to develop an explicit
concept of matter that includes both solids and liquids, it is initially grounded
in more commonsense perceptual properties—something one can see, feel,
or touch—rather than as something that takes up space and has mass (Carey,
1991; Stavy, 1991). Thus, children have difficulty recognizing that matter
continues to exist when divided into pieces too small to see (Carey, 1991;
Smith et al., 1997) and generally do not appreciate the material nature of
gases (Lee et al., 1993; Stavy, 1988; Smith et al., 1997).

Even more challenging to their everyday experiences of matter and
materials are the assumptions of the atomic-molecular theory of matter. Not
only does this theory call for them to imagine matter at a scale far removed
from their everyday experiences, but it also makes theoretical commitments
that violate their metaphysical beliefs (e.g., there is no vacuum). Everyday
experience—the experience that matter is continuous—is deeply entrenched,
and the experience that the kinds of materials in the world are infinitely
varied is not easily reconciled with the notion that there are only about 100
different kinds of atoms on earth (Nussbaum, 1985; Lee et al., 1993). How-
ever, although there is still much for children to learn, even in preschool
they are making some distinctions between object and material levels of
description in organizing their knowledge of the natural world. They are
beginning to ask themselves what are things made of, what changes and
what stays the same across different transformations, and learning to count
things and even to build some initial causal accounts of why things have the
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properties that they do. All of these initial insights and interests can and
should be drawn on in science teaching.

Earth Systems and Cosmology

In some respects there could hardly be more diversity across cultures
than there is with respect to cosmology. Views of the nature of the heavens
and of heavenly bodies have varied enormously over the years and from
society to society. It might therefore seem that views of the earth, the heav-
ens, extraterrestrial bodies, and the interactions between them would show
markedly different developmental patterns depending on the culture in-
volved. Yet the past decade of research suggests a more nuanced pattern.
There may be a considerable common ground to early views of the earth
and the heavens, with divergence tending to emerge later on.

One view sees preschool children as developing a coarse set of beliefs
or “framework theory” (see Wellman, 1990) that helps guide the emergence
of later more culture-specific views (Nussbaum, 1979; Nussbaum and Novak,
1976; Nussbaum and Sharoni-Dagan, 1983; Vosniadou, 1994; Vosniadou and
Brewer, 1990, 1992, 1994; Vosniadou and Toannides, 1998). By this account,
young children become convinced of two very salient “facts” about their
external world: it is essentially flat, and unsupported objects fall down. As
they grow older and become immersed in their culture, they strive to fit
these two universal framing beliefs with what the culture tells them about
the earth, the moon, and the stars. This process of fitting these strong early
beliefs with what their culture tells them often results in distortions as they
either attempt to reconcile the two or simply develop compartmentalized
and internally contradictory beliefs. For example, their firsthand experience
of flatness and things falling down may be very difficult to reconcile with
being told that the earth is round. Children will try to reinterpret “round” as
not meaning a sphere but instead as something like a flat disc or a hollowed
out hemisphere in which people live. In fact, the mental models that the
children create of the earth, the sun, and the moon tend to come from a
relatively small family of alternatives in most cultures (e.g., Samarapungavan,
Vosniadou, and Brewer, 1996).

Cosmology and earth sciences offer an especially interesting case in
which the history of science and cognitive development can be compared
and contrasted for mutually reinforcing insights (Duschl, 2000). Certainly,
views of a flat earth, of the heavens as a curtain with pinholes representing
stars, or of the sun revolving around the earth are well known for their
prominent roles in the Western historical tradition. It is useful to therefore
ask about the extent to which very early emerging beliefs, such as those
about flatness and about the downward descent of unsupported objects,
have had a framing effect on belief systems for millennia and how, as formal
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science emerged, it managed to override those early belief systems. Those
accounts may well help clarify the ways in which science education today
might encounter such beliefs and work with them.

There are, of course, many other features of early knowledge that influ-
ence the development of cosmology and an intuitive earth science. The
large literature on how children conceptualize the spatial layout, for ex-
ample, is critical to understanding how they start to build models of the
arrangement of bodies in space (Newcombe et al., 1998). Similarly, the de-
velopment of the ability to understand the representational meanings of
maps and three-dimensional models (such as globes) undergoes dramatic
changes during the preschool and early elementary school years (DeLoache,
1987, 2004; Liben, Kastens, and Stevenson, 2002) and is therefore essential
to understanding how cultural artifacts may influence the teaching and learning
of earth science. Moreover, the particular symbols and representations used
influence the nature of the spatial representations that are constructed (Uttal,
2002), making clear the importance of understanding the ways in which
children of different ages naturally conceive of spatial information and the
ways in which they are and are not able to glean information from maps and
models.

In short, the emergence of a folk cosmology and an intuitive earth sci-
ence in the preschool and early elementary school years forms a critical
skeletal structure within which more formal science curricula must function.
Of all five domains considered here, some of the most dramatic changes
may occur during the elementary school years with respect to cosmology;
but these changes hardly occur in an intellectually empty or unformed mind.
Children bring with them a substantial set of interrelated beliefs and expec-
tations about the earth and the heavens that must be taken into account.

UNDERPINNINGS OF SCIENTIFIC REASONING

As we have shown above, young preschoolers can be exquisitely sen-
sitive to abstract patterns in the world and use that sensitivity to guide how
they think about the behaviors of objects, the nature of living things, and
the layout of things in space, among many other problems (Keil et al.,
1998). Young children and preverbal infants seem to have a strong sense
of principles of cause and effect and do not merely notice spatial and
temporal contiguity (Leslie, 1984). Moreover, they have reasonable expec-
tations about how causes precede effects and how certain kinds of causes
are linked to specific kinds of effects (Bullock, Gelman, and Baillargeon,
1982; Koslowski, 1996). Categorization, induction, and many other forms
of reasoning seem to be guided by such abstract forms of information. At
the same time, infants and young children can have enormous difficulty
explicitly talking about abstract patterns, a difficulty that may well contrib-
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ute to a false impression that they are hopelessly concrete (Simons and
Keil, 1995). That difficulty in itself is an important developmental factor to
consider in its own right.

Children can use many processes that can be thought of as the under-
pinnings of scientific reasoning (at least in certain contexts), certainly by the
end of the preschool years and often well before. These include deductive
reasoning, inductive reasoning, Bayesian reasoning and screening off, sensi-
tivity to covariation, correlation, and contingency patterns in stimulus in-
put, the ability to evaluate simple quantified and if-then rules, the ability
to distinguish determinate and indeterminate evidence, and some general
problem-solving heuristics and reasoning biases. In this sense, children are
more competent than has been commonly supposed and bring a wealth of
capacities to the learning process.

For example, reasoning about covariation and cause has been an active
area of research on scientific reasoning in older children. Research has dem-
onstrated that even preschool children are adept at using a variety of cues
from the environment to identify the cause of an event from a set of poten-
tial candidates. Among these cues are temporal contiguity, spatial contiguity,
consistent covariation between the candidate cause and the effect, and mecha-
nism—that is, whether there is a plausible mechanism that would account
for A causing B (Leslie, 1984; Shultz, 1982). There is mounting evidence that
even very young children (ages 2, 3, and 4) are able to draw inferences
about cause from viewing patterns of covariation of events.

In a series of investigations, Gopnik and her colleagues (Gopnik et al.,
2004; Gopnik and Sobel, 2000; Gopnik, et al., 2001; Kushnir and Gopnik,
2005; Schulz and Gopnik, 2004) explored both how young children learn
about new causal relations and whether these learning systems are domain
specific or apply across different domains of knowledge, such as biological
and physical systems. The strategy was to observe children as they went
about learning a novel causal relation that they had not previously encoun-
tered or been taught.

In one series of studies, children were shown several small blocks and
told that one or more of them were blickets. They were then introduced to
the “blicket detector,” a machine that lights up and plays music when (and
only when) “blickets” are placed on it. Children were asked to identify which
of the blocks were the blickets, either by observing the response of the
blicket detector as the researcher placed blocks on it, or, in some studies, by
themselves placing blocks on the detector. Across trials within a study and
across studies, the patterns of evidence that children used to make infer-
ences became increasingly complex, ultimately including multiple causes
and probabilistic relationships. In most cases, even the 2-year-olds made
correct conclusions about causality by observing patterns of contingency,
although younger children did not perform as well as older preschoolers on
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more complex tasks. Children seemed to use similar kinds of causal learning
principles across different content domains of knowledge.

Young children also demonstrate capacities that can be seen as the foun-
dation for modeling. The developmental literature illustrates that there are
myriad ways in which even preschool children come to regard one thing as
representing another. For example, long before they arrive at school, chil-
dren have some appreciation of the representational qualities of toys, pic-
tures, scale models, and video representations (DeLoache, 2004; DeLoache,
Pierroutsakos, and Uttal, 2003; Troseth, 2003; Troseth and DeLoache, 1998;
Troseth, Pierroutsakos, and DeLoache, 2004). In pretend play, children treat
objects as stand-ins for others (a block stands in for a teacup; a banana for a
telephone), yet they still understand that the object has not really changed
its original identity, character, or function (Leslie, 1987). Later in school, they
capitalize on very similar understandings to use counters for “direct model-
ing” to solve simple early arithmetic problems that involve grouping and
separating.

Although young children demonstrate many early symbolic capacities
that provide a foundation for modeling, they are not yet able to engage in all
the key aspects of modeling in science. As Lehrer and Schauble (2000) note,
“Mature modeling includes the self-conscious separation of a model and its
referent, the explicit consideration of measurement error, and the under-
standing that alternative models are possible and may in fact be preferable.”
In contrast, although they certainly know the difference between a model
and its referent, children do not usually self-consciously think about the
separation of the model and the modeled world. Consequently, they often
show a preference for copies over true models, because they tend to resist
symbolic depictions that leave out information, even if the information is not
important to the current theoretical purposes (Grosslight et al., 1991; Lehrer
and Schauble, 2000). For example, children using paper strips to represent
the height of plants may insist on the strips being colored green (like the
plant stems), and demand that each strip be adorned with a flower (Lehrer
and Schauble, 2002).

Children are also unlikely to spontaneously consider issues of precision
and error of a representation or the implications of deviations between the
model and the modeled world in light of current goals (although they cer-
tainly have intuitions that are helpful as starting points; see Masnick and
Klahr, 2003; Petrosino, Lehrer, and Schauble, 2003). They also have difficulty
entertaining the idea that there are many possible alternative representa-
tions. Indeed, the search for and evaluation of rival models in evaluating
alternative hypotheses is a form of argument that does not typically emerge
spontaneously (Driver et al., 1996; Grosslight et al., 1991).

In sum, the evidence is strong that children can engage in sophisticated
forms of reasoning in some contexts. However, there are certainly many
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problems and tasks in which they do not display these abilities (a fact that
explains, in part, why psychologists and teachers have often thought of
them as lacking some of these abilities). Researchers are now more aware of
the conditions that affect the use of many forms of reasoning. Significantly,
many of the same variables that affect adults’ use of these forms of reasoning
act in similar ways with children. In this sense, there is much greater conti-
nuity across development in basic reasoning processes than has been com-
monly supposed, as well as more variability and context sensitivity for a
given individual. Three important conditions on reasoning are (1) knowl-
edge of relevant conceptual relations, (2) whether a problem makes sense to
the child, and (3) whether implicit or nonverbal reasoning comes into play.

One of the foremost conditions on reasoning is the role of children’s
knowledge of relevant conceptual relations in promoting deeper reasoning
(i.e., reasoning based on causal, taxonomic relations rather than surface
similarity or perceptual cues). Thus, rather than reasoning being indepen-
dent of knowledge, there are deep interactions between domain knowledge
and many forms of reasoning (Gotwals and Songer, 2006). For example,
studies of young children’s causal reasoning suggest an interaction of domain-
general reasoning processes and knowledge of the specific domain being
investigated (Gopnik et al., 2001).

Another important condition is that the problem an individual is asked
to reason about has to make (pragmatic) sense to him or her. When a prob-
lem does not make sense, people often transform it into one that does.
When care is taken to present a reasoning problem in a form in which it
makes sense to children, they show much more competence. For example,
many problems that involve reasoning with counterfactual information do
not make sense to either young children or lay adults (e.g., All snow is
black. Tom sees some snow. Is it black?). However, even preschool children
can reason about counterfactuals if the problem is presented in a context in
which such reasoning makes sense. For example, Leevers and Harris (1999,
2000) found that 4- and 5-year-old children could reason syllogistically about
incongruent content when the problems were presented in fantasy mode or
when they were encouraged to think about the problems and imagine what
it would be like if it were true. Many classic tasks showing apparent deep
conceptual failures can be changed through pragmatic manipulations into
ones where the children succeed.

Finally, in many contexts, reasoning processes are implicit and outside
of children’s conscious control, rather than explicit. Work in infancy sug-
gests that even nonverbal infants have ways of representing and evaluating
ideas, independent of language or other culturally transmitted symbol sys-
tems. Thus, there are many implicit and nonverbal aspects to reasoning that
need to be understood and that may persist in important ways into the adult
years. For example, detecting covariation and contingency and inferring causal
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relations from this information is likely to be an implicit process for young
children (and for adults). That is, they are not fully conscious of the reason-
ing they use and cannot describe their thinking processes to someone else
(Gopnik et al., 2001). Developing more awareness of our reasoning pro-
cesses can give us conscious control over them and allows us to choose
when and how we use different strategies.

YOUNG CHILDREN’S UNDERSTANDING OF
KNOWLEDGE AND OF SCIENCE

Understanding how scientific knowledge is constructed and reflecting
on the status of one’s own knowledge of scientific concepts is challenging
for many students and for adults. While young children clearly do not have
a complete grasp of the scientific enterprise, research suggests that they do
have important insights that can serve as resources to their learning about
science as a way of knowing. These resources include children’s under-
standing of their own and others’ ideas, beliefs, and knowledge and their
ability to assess sources of knowledge.

Understanding Ideas, Beliefs, and Knowledge

An extensive research literature describes young children’s understand-
ing of knowledge. The preschool years are a time of enormous accomplish-
ments in this regard. Most notably, children develop an initial theory of
mind, which provides a framework for their beginning to think of them-
selves and others as more or less knowledgeable. The research literature on
children’s theory of mind is concerned with their increasing sophistication in
understanding and predicting the behaviors of others. Central to this devel-
opment is the transition from a “copy theory” of mind to a “representational”
theory of mind (Wellman, 1990), enabling such insights as false belief and
how access to different information can lead to different inferences. In the
words of Gopnik and Wellman, 5-year-olds appreciate that “all mental life
has the same representational character” (Gopnik and Wellman, 1994, p.
267). This work describes an important foundation for children’s under-
standing of knowledge and the construction of scientific knowledge. For
example, it reveals the child’s growing understanding of the active role of
the knower in knowledge construction, negating any simple correspondence
between observing and knowing.

Understanding what ideas are and what they are not is prerequisite to
doing science in a meaningful way. As early as 2 years of age, children begin
to use words like “think” in ways that suggest that ideas carry varying de-
grees of certainty (Perner, 1991); by age 3, they use a cluster of words that
distinguish among different mental states (e.g., “think,” “know,” “forget,”
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and “pretend”). These are the early markers of their growing awareness of
their own minds and the fact that their own understandings may be tenta-
tive, incomplete, or incorrect in relation to those of other people. Beyond
recognizing ideas as such, by about the age of 4 (if not sooner) children also
understand that individuals can believe things that may be false. False belief
is an essential component to mature learning as well as scientific practice.
The inquiry process hinges on treating ideas as plausible and testing them
empirically before determining their value.

By school age, most children will easily distinguish objects from simple
symbols representing those objects (e.g., an actual milk bottle from a draw-
ing of one) (see, e.g., DeLoache, 2004). Their ability to understand symbol
systems and representational models underpins a capacity to understand
and formulate explanatory models in science. This capacity emerges quite
early and is in place before children enter school. For example, in studies
conducted by DeLoache and her colleagues, children see an object hidden
in a small-scale model of a room, and they are asked to find the object in the
actual room. To be successful at this task, children must achieve the insight
that the scale model is both an object in its own right and that it represents
something about the larger room. This task is quite difficult for 2!/2-year-
olds, although on versions of the task using scale models, by 3 years of age,
children typically succeed.

Understanding Sources of Knowledge

Young children are also surprisingly sophisticated in the sources of in-
formation they consider. Contrary to pervasive views of children as “lone
scientists” or “concrete operators” who rely only on firsthand observations
and experiments, children actually draw on information from a range of
sources. These include their own perception, as well as the testimony of
other children and adults, and the inferences they draw from observations
and testimony (Harris, 2002). Furthermore, they also track the sources of
information that influence their thinking. In the preschool years, children
begin to identify clear sources of their beliefs. They accurately attribute their
ideas to perception, the testimony of others, or inference from observations
(Montgomery, 1992; Perner, 1991; Sodian and Wimmer, 1987; Taylor, 1988;
Wellman, 1990).

Scientific practice and mature learning involve making informed judg-
ments of the quality and truthfulness of evidence and arguments, as well as
identification of reliable sources of expert knowledge. By the time children
reach kindergarten, the rudiments of these intellectual skills are in hand.
Children as young as age 2 make basic distinctions in the sources from
which they gather information. For example, children viewing the same
scene on TV and through a window will treat their observations differently
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(Troseth and DeLoache, 1998). By the age of 3 or 4, children acquire a sense
of the credibility of reports. Koenig, Clement, and Harris (2004), for ex-
ample, presented groups of 3- and 4-year-olds with two adult “labelers”
who, respectively, identified novel objects correctly and incorrectly. The
older preschool children in their sample were quite capable of identifying
accurate and inaccurate informants, and many tracked the accurate labeler
and tended to rely on that labeler’s testimony in novel scenarios.

Learning in science and in general also entails sensing the terrain of
knowledge in other minds: determining who is expert on particular topics of
interest (Keil, 1989). Children are surprisingly good at getting a sense of the
divisions of cognitive labor around them and how to evaluate people’s cred-
ibility. In preschool and through the first years of schooling, children de-
velop a crude but impressive sense that there are experts in different broad
domains corresponding roughly to physics, psychology, biology, chemistry,
and political science. They know that expertise is bounded, and that not
everyone knows everything. They also show marked changes during late
preschool and early elementary school in their ability to discount informa-
tion given by others if they see that person as having suspect motivations. In
addition, they start to understand the general nature of testimony and the
different pressure points that can make it fallible.

Another way of thinking about sources of knowledge is distinguishing
between one’s own beliefs (or theories) and empirical evidence. Kuhn and
Pearsall (2000) report a study that provides evidence of an initial fragile
contrast between theory and evidence by about age 6. They investigated
whether children ages 4 to 6 were sensitive to evidence as a source of
knowledge to support the truth of a claim, and as distinguishable from theory
that enhances plausibility of the claim. Participants were shown a sequence
of pictures in which, for example, two runners compete in a race. Cues in
the images suggested a theory as to why one will win (e.g., one runner
sports fancy running shoes, the other does not). The final image depicts one
runner holding a winner’s trophy.

When asked to indicate the outcome and to justify this knowledge,
4-year-olds show a fragile distinction between the two kinds of justification,
“How do you know?” and “Why is it so?” (the evidence for the claim versus
an explanation). In contrast, 6-year-olds, while still prone to errors, were
right most of the time, and adults made no errors. Other researchers have
reported similar findings that reveal children’s ability to distinguish beliefs
from evidence (Sodian, Zaitchick, and Carey, 1991).

Understanding Scientific Knowledge

The research literature has not extensively investigated what young chil-
dren may know about science as a distinct way of knowing by the start of
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elementary school. In this category, we include both knowledge of the en-
terprise of science per se, as well as knowledge about processes that are at
the heart of doing science (such as the coordination of theory and evi-
dence). Whereas for the most part, children will have had limited experi-
ence with science, there is enormous variability in this regard. For example,
some children will have gone to science museums, been read various sci-
ence books, perhaps seen TV scientists performing experiments, or even
had a parent who is a scientist. Such differences in experience are likely to
translate into variations in children’s ideas about the enterprise of science.
However, very little research has explored this issue.

Some suggestions about what first graders may think about science comes
from the work of Gertrude Hennessey, a science education researcher as
well as a grade 1-6 science teacher, who asked her students to respond to
the question “What is science?” Typical responses from first graders indi-
cated that they did not think about science as a unique enterprise of knowl-
edge production. Their responses included that “science is”

e learning about things,

e learning about the human body,

e having fun and learning about what it was like in the olden days, and
e about learning and listening.

These anecdotal responses suggest that early elementary students have
some idea that science involves learning new things, although they may not
yet have much idea what might be distinctive or special about science as a
way of knowing and learning.

CONCLUSION

The notion of young children as hopelessly concrete and incapable of
abstract thought is undermined by their early emerging abilities to track all
sorts of highly abstract relations in the world around them. They have rich
knowledge of natural phenomena. They are able to reason in ways that
provide a foundation for scientific thinking, including potential precursors
of modeling, designing experiments, and reasoning about theory and evi-
dence. They also enter school with a broad and impressive set of knowledge
skills that allow them to use and work with knowledge in sophisticated
ways, although they may lack a clear sense of what is unique about science.

Across all five domains of knowledge of the natural world considered in
this chapter, there is a consistent pattern in which preschoolers, and often
even preverbal infants, are found to be tracking a wide range of relational
and causal properties of the world around them. Beyond just tracking those
regularities, however, they also come to link them to broad domains, such as

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

82

TakiNG SciENCE To ScHooL

those corresponding to physical mechanics, cognitive and motivational pro-
cesses, matter, the living world, and cosmology. They are not always correct
and often have huge gaps in their understandings, but they certainly aren’t
mere bundles of misconceptions. Instead, they are more profitably con-
strued as active exploratory agents who have successfully learned about
regularities in these broad domains in ways that help them interpret, antici-
pate, and explain their worlds. They do have misconceptions, and some
persist into most adults’ mental lives, but these misconceptions are more
revealing and better understood in the broader context of considering
children’s positive abilities.

In conjunction with their knowledge of the natural world, young chil-
dren are also able to engage in reasoning that can be used as starting points
for supporting the generation and evaluation of evidence. For example, young
children’s understanding of symbols and scale models can be used to help
them engage in modeling activities. Likewise, their ability to distinguish cause
and effect is a critical foundation for designing informative experiments.
These early reasoning abilities are constrained, however, by the depth of
children’s conceptual knowledge, the nature of the task, and their aware-
ness of their own thinking (metacognition). The latter, metacognition or the
ability to think about one’s own thinking, is recognized as critical to learning
in general (see National Research Council, 2000) and emerges again and
again as important to science learning.

Finally, children’s early beliefs about knowledge may serve as precur-
sors to developing an understanding of how scientific knowledge is con-
structed. During the preschool years, children develop an awareness of other
people’s minds that reveals a growing understanding of the active role of the
knower in knowledge construction. This ability to consider ideas and beliefs
as separate from the material world is foundational for engaging in debates
about the interpretation of evidence. Children’s beliefs about knowledge
also encompass some aspects of the nature of knowledge, such as its degree
of uncertainty and the relative credibility of knowledge sources. These epis-
temological beliefs can function as a starting point for learning about the
nature and development of science knowledge in the classroom, providing
rich resources on which to build, as well as limitations.

Many questions remain about the mental representations that children
use to help make sense of their world, such as how different they are from
the more formal theories of science and how easy it is for them to access
information for use across a wide range of contexts. It is important for sci-
ence educators to balance a deep appreciation of what is genuinely concep-
tually difficult, “non obvious,” and novel about many central principles of
modern science, with an equally deep appreciation of the many intellectual
resources that children bring to the science learning task. It is these re-
sources in combination with the new knowledge and tools provided in sci-
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ence instruction itself that will make successful science learning possible.
There is now abundant evidence that, along with whatever misconceptions
they may appear to have, children also bring to the classroom a rich and
valuable set of knowledge structures and processes that should be exploited
more fully as points of departure for science education. Furthermore, their
reasoning abilities and understanding of knowledge mean that they can
engage in and profit from instruction that incorporates relatively complex
scientific practices from the very beginning of their schooling.
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Knowledge and Understanding
of the Natural World

Major Findings in the Chapter:

e Children’s intuitive concepts of the natural world can be both resources
and barriers to emerging understanding. These concepts can be en-
riched and transformed by appropriate classroom experiences.

e Changes in a student’s knowledge do not necessarily follow a linear
improvement across grades, and an individual’s understanding can
vary across contexts.

e Conceptual development can occur in many different ways. Some kinds
of conceptual change occur naturally as a consequence of the child’s
everyday experiences, whereas others require intentional effort, often
by both a learner and a teacher.

e Major changes in conceptual frameworks are often difficult to make
because they require learners to break out of their familiar frame and
reorganize a body of knowledge, often in ways that draw on unfamil-
iar ideas. Such changes are facilitated by instruction that belps stu-
dents construct an understanding of the new concepts, and provides
opportunities for them to strengthen their understanding of the new
ideas through extended application and argumentation.

In this chapter we summarize research related to Strand 1: know, use,
and interpret scientific knowledge of the natural world. We begin with a
discussion of how children’s knowledge develops as they move through the
K-8 years. We consider each of the knowledge domains identified in Chap-
ter 3—physics, biology, psychology, chemistry, and earth sciences—and sketch
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out how early understanding is extended and revised. In the second half of
the chapter, we describe the process of conceptual change, considering the
various ways changes can occur and how they can be facilitated.

CHANGES IN CONCEPTUAL UNDERSTANDING
DURING THE K-8 YEARS

There is no magic line that divides children’s cognitive development
before entering elementary school from their cognitive development after
the onset of formal schooling. Children continue to refine their abilities to
use information at various levels of abstraction and become ever more so-
phisticated at understanding the nature of good explanations, methods of
inquiry, and the role of evidence. They also show substantial increases in
the ability to explicitly talk about patterns and principles and realize their
relevance across a wider and wider range of settings. In addition, they greatly
expand their understandings of pathways to knowledge and how to navi-
gate pathways in ways that exploit the greater expertise of specialists in
various areas. All of these patterns of change during the elementary school
years have their roots in preschool and earlier, but in many cases the changes
greatly accelerate in older children. Explicit instruction and educational ex-
periences in school and other settings clearly help foster many of these
changes, but others should be understood as the continuation of processes
that started long before school and that now also interact with those of
formal education.

In this section we very briefly provide examples of how children’s knowl-
edge changes over the K-8 years, building on the knowledge they develop
prior to school. We highlight three main ideas. First, there are some (posi-
tive) improvements in children’s understanding (e.g., increased knowledge,
increased understanding of some mechanisms, increased understanding of
relations among variables). Second, not all changes necessarily bring chil-
dren closer to canonical scientific views. For example, children bring naive
conceptions about the natural world that differ from accepted scientific ex-
planation (often referred to as misconceptions). Some of the naive concepts
are persistent and difficult to change. Others are transitory and appear to
resolve themselves with time and experience. Third, there is considerable
variability in the changes that occur. An individual’'s understanding can vary
across contexts. There is also variation among children when they attain
certain understandings. This variation is likely to reflect differences in the
kinds of previous educational opportunities or experiences they have had.
The latter findings underscore that these changes do not just come for free
with increasing age.

It is important to emphasize that changes in knowledge during this
period do not necessarily follow a pattern of linear improvement across
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grades (Siegler, 1998). Instead, there are many twists and turns and mis-
conceptions that develop along the way. In fact, growth can be difficult to
gauge, as it sometime follows a U-shaped pattern, with apparent regres-
sions or intermediate constructions developing as part of the process. In
this context, misconceptions or wrong ideas are not necessarily a bad thing,
nor are they necessarily a sign of a deeply held systematic alternative
theory—some are highly context dependent and even quite transitory.
However, they do reflect deeper conceptual difficulties, and understand-
ing the reasons for those difficulties can be instructive. In some cases,
misconceptions develop in part because of limited symbolic tools avail-
able to students or limitations in conceptual knowledge in other domains
(e.g., having mathematics based on natural rather than rational number,
having limitations in geometric understandings).

Some misconceptions may stem from alternative ontological commit-
ments that constrain children’s ideas. If children assume that an entity or
relation belongs to a fundamentally different kind of thing, that assumption
can derail attempts to link up their conceptual system with that of adults or
older children. For example, if fire is thought of as a kind of stuff rather than
a symptom of an event (combustion), that misattribution of fire to the wrong
category (a substance instead of an event) can lead to dramatically different
inferences about other properties of fires. More broadly, conceptual change
may be more difficult when the child’s naive conception assigns entities in a
domain to a different ontological category than an adult’s conception as-
signs them (Chi, 2005). In contrast, if a young child initially misconceives an
entity as a different sort of thing but in the same ontological category, then
conceptual change may be much easier to achieve (Chi, 2005). For example,
a child might initially think that germs are like small insects inside the body
instead of knowing that they are a different kind of organism, but such a
mistake makes the same ontological commitments and would be relatively
easy for a child to surmount.

Multiple factors contribute to the changes described in this section. Thus,
we need to avoid the trap of looking for a single explanation for such di-
verse phenomena. Instead, we need to identify the range of important fac-
tors and explore how they contribute and interact with one another. Many of
these factors may be primarily experiential in nature (rather than matura-
tional in a strict biological sense), and there are a variety of ways that expe-
rience can contribute to growth. Even in the case of more maturationally
based factors (such as increases in working memory, processing speed, ca-
pacity for attention, self-regulation, executive function), there is evidence
for interactions with experiential factors in these developments as well. For
example, many factors (knowledge, processing speed, strategies) affect mea-
sured short-term storage span of memory, and, although measured short-
term storage span increases with age, many argue that short-term storage

Copyright © National Academy of Sciences. All rights reserved.


Angel Nieto
Highlight


Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

9

TakiNG SciENCE To ScHooL

capacity is not changing with age. In both children and adults, richer knowl-
edge bases result in larger memory capacities (Chi, 1978). There is more
evidence, however, for an underlying maturational component for changes
in processing speed (although some aspects are also clearly affected by
experience) (Kail, 1991; Luna et al., 2004; Travis, 1998).

Extending and Changing Understandings
of Naive Physics

Children’s understanding of the simple mechanics of bounded objects
undergoes considerable change during the elementary school years. One
area of dramatic change concerns an appreciation of how to interrelate
variables that are concerned with trajectories, most notably, distance, speed,
and duration. Many years ago, the Swiss psychologist, Jean Piaget, demon-
strated confusions among these variables in young children (Piaget, 1946a,
1946b; Piaget and Inhelder, 1948), but only recently have more systematic
studies documented the ways in which children come to make sense of
each of these variables and their interrelations. Those studies now suggest
that even young preschool children distinguish distance, speed, and time
in some contexts (in contrast to Piaget’s claim that these notions are ini-
tially completely undifferentiated) (Acredelo, Adams, and Schmid, 1984;
Matsuda, 1994, 2001; Wilkening, 1981). Some of the differences across
tasks depend on what criteria children use in judging each task. Many of
the tasks require them to use qualitative criteria (e.g., comparing starting
and stopping times); some give them direct information in some symbolic
form and examine their ability to integrate it (a clock that says 10 versus 20
seconds; a distance strip; two animals that are known to be fast or slow,
like turtles and horses). Development here, however, does not occur in a
vacuum. Consider the normal developmental progressions for children in
two different cultures that vary in their approach to science and math
education. Chinese third graders seem to have no difficulty reasoning about
inverse relations, whereas American third graders often do; American fifth
graders achieve performance more like Chinese third graders (Zhou et al.,
2000). Although further research is needed to confirm the reliability of this
difference and to understand its sources, it may reflect differences in the
quality of early mathematics and science education. In China, in contrast
to the United States, the skills of argument and proof are taught as early as
the first grade and mathematics and science topics are pursued more deeply
and thoroughly. In addition, the elementary teachers are more highly trained
in the teaching of mathematics.

Thus, although there is a clear age trend in learning to understand in-
verse relations, there can be dramatic differences in the age at which most
children understand such relations as a function of educational and cultural
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environment. The mechanisms behind such age differences are yet to be
fully understood, but they make clear the folly of thinking that there are
certain ages at which children can or cannot understand specific scientific
concepts. And there is a continuing legacy of cognitive challenges in some
areas. In more complex tasks, for example, college students have difficulties
with inverse relations as well.

There are also developmental lags in how children understand trajecto-
ries, with an understanding in terms of catching actions appearing much
earlier than those in terms of predictions as more passive observers (Krist,
Fieberg, and Wilkening, 1993; Huber, Krist, and Wilkening, 2003; Krist, 2003).
In fact, explicit predictions about trajectories are often wrong even in adults
(Clement, 1982; McCloskey, 1983). Indeed, in some cases, very young chil-
dren actually seem to be better at anticipating trajectories, then get worse as
they get older and develop a more consistent but incorrect “theory” of mo-
tion (Kaiser, McCloskey, and Profitt, 1986). Such U-shaped developmental
curves have been documented repeatedly in children’s developing concep-
tions of mechanics (Karmiloff-Smith and Inhelder, 1974).

Children also show substantial improvement during the elementary school
years in detailed understanding of physical mechanisms. Consider, for ex-
ample, research on changes in children’s understanding of gears. The mecha-
nism is fully observable in these studies (a set of exposed gears), yet there is
much that is not transparent to young children or even adults. One study
that compared second and fifth graders showed how children can take an
idea that is useful in one context and then overapply it to others (Lehrer and
Schauble, 1998). Thus, a child might develop a hunch about gear function
from playing with an egg beater and then inappropriately make some exten-
sions to gears on a bicycle. More broadly, it can take years for elementary
school children to start to understand systems like gears and levers in more
formal terms that allow more correct generalizations across instances (Lehrer
and Schauble, 1998). At the same time, children clearly benefit from core
concepts that arise in infancy and the preschool years. For example, chil-
dren of all ages insist that gears must make physical contact with each other
in order to form a working system of gears.

Children have great difficulties learning physicists’ notions of force. Stu-
dents tend to associate forces with movement and do not recognize the
action of forces in situations of equilibrium. They also tend to focus on
forces as active agents and are less likely to recognize passive forces (e.g.,
they may think forces are needed more to start a motion than to stop one,
hence have difficulty recognizing friction as a force). They also think of
force as a property of objects rather than as a feature of interaction between
two objects—so they identify forces singly, rather than in terms of interac-
tion pairs. Finally, when two forces are acting on an object, they think of
one as winning or overcoming the other, rather than interacting through
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vector addition (Clement, 1982; diSessa, 1982). The developmental story
seems to involve several distinct notions of force emerging at different times
in childhood, with a final convergence on the physicists’ concept usually
occurring only in those lucky few who actually get insight from a college-
level physics course instead of continuing to cling to developmentally ear-
lier views (Ioannides and Vosniadou, 2002; Watts and Zylberstajn, 1981).

There are many other misconceptions that develop in childhood and
often persist into adulthood without appropriate instruction. These include
mistaken beliefs about relations between air pressure and gravity (Minstrell,
1982), confusions between momentum and force (diSessa, 1988), and diffi-
culties in understanding magnetism (Barrow, 1987), among many others. As
mentioned earlier, misconceptions should be seen as attempts by children to
make sense of the world around them, often building on more correct no-
tions that also coexist with the misconceptions (Clement, Brown, and
Zietsman, 1989; Confrey, 1990). Misconceptions can often be understood as
parts of a larger system of beliefs that do a good deal of cognitive work for
the child. They also can reflect mistaken ontological commitments, which
when changed allow the child to access other, more relevant, and already
present concepts (Chi, 2005). Finally, they can be seen as necessary concep-
tual steppingstones on a path toward more accurate knowledge.

Extending and Revising Naive Biology

During the elementary and early middle school years, children show
major gains in their understanding of the living world. There is considerable
growth in factual knowledge that starts to fill out conceptual frameworks.
Children have opportunities to observe particular animals or plants (through
caretaking or school activities) and learn more about what they do, what
their parts are, what their insides are like, etc. Between preschool and fifth
grade, children are able to list more and more internal body parts (Gellert,
1962). They also gain a better understanding of the function of those parts.
Of course, that emerging understanding of anatomy and function is hardly
complete by middle school. Most adults have huge gaps in their understand-
ing of body structure and function in addition to misconceptions.

Children also learn about many more types of plants and animals. Whether
through a visit to the zoo, reading a book about another country, or looking
at animals and plants on line, there is a continual expansion in understand-
ing about the diversity of kinds in the living world. There is also an increas-
ing appreciation of the depth of biological taxonomies, with an emerging
awareness of different subclasses of species, such as breeds of dogs.

In addition to the accumulation of facts, children in the elementary school
years also appear to show restructuring of knowledge. They may reclassify
some kinds of plants from nonliving to living (Hatano et al., 1997). More-
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over, such shifts seem to be linked to cultural practices as well. For example,
in a cross-national study of U.S., Japanese, and Israeli children, only 60
percent of Israeli fourth graders thought that plants were alive compared
with over 90 percent of U.S. and Japanese children. Children may well shift
to belief in the living nature of plants without explicit instruction or such
cultural practices as gardening, but those forms of exposure may accelerate
the process.

There is also growth in children’s understanding of the human body as
a machine (see Carey, 1985, 1995; and Cridier, 1981, for reviews). That is,
with the development of an understanding of internal organs comes elabo-
ration of ideas about how they function. Although these ideas may be quite
simplistic, they represent an elaboration of their ideas about mechanisms, by
combining some ideas of physical mechanism with body structure. Examples
are coming to see the heart as a pump, coming to see the insides as consist-
ing of interconnected tubes with vital nutrients transported to different parts
of the body (e.g., Arnaudin and Mintez, 1985). Children also come to see
that food is taken in, broken down into pieces, and then physically trans-
ported. They also gain some idea that human beings take in and breathe out
air (exchange of materials). At the same time, they can miss many other
mechanisms, such as that food is broken down not only physically but also
chemically, or that there are many feedback loops operating between or-
gans and systems.

Again, not only are elementary schoolchildren missing many details about
the workings of plants and animals, but they also have a number of miscon-
ceptions. For example, as children come to recognize that plants are living
things, they begin to overgeneralize that plants eat, sleep, etc. A powerful
idea for them is that plants take in their food through their roots, rather than
understanding that they synthesize sugars in their leaves from inanimate raw
materials (Roth, 1984). There are many reasons why understanding photo-
synthesis is difficult, including limitations in their understanding of matter
and atomic-molecular levels of description. Limitations in their conceptions
of matter also affect their understanding of growth and decay.

These sorts of patterns also illustrate how domain knowledge interacts;
limitations in one’s understanding in one domain, that of matter, can con-
strain the kinds of ideas one can consider in another, that of metabolism.
Again, many of these misconceptions persist in adults, who normally are
quite surprised at how much of the mass of plants comes from the air around
them.

One area of many misconceptions concerns cellular levels of function-
ing and mechanisms (Dreyfus and Jungworth, 1989; Flores, Tovar, and
Gallegos, 2003). Of course, many of these problems are failures to develop
any meaningful level of description or explanation at a cellular level. Stu-
dents may think of cells as inanimate or confuse atoms and cells. Further-
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more, without an atomic-molecular level of description, it is hard to under-
stand what cells are doing (to understand cellular metabolism, etc.). They
may have an anthropomorphic view of cells as making decisions and see the
nucleus as directing all cell processes. They may also see cells as engaging
in miniature versions of macroscopic processes. For example, they think of
nutritive processes in cells as analogous to macroscopic digestive processes
where food is ground and processed; or they confuse cellular respiration
with macroscopic processes of breathing (Flores, Tovar, and Gallegos, 2003).
Thus, they lack distinct descriptions of processes at the atomic-molecular
and cellular levels that would provide deeper, mechanistic explanations for
macroscopic phenomena. Overall, they seem to retain a simple macroscopic
conception of the workings of the human body—and a very limited one
at that.

At a more systemic level, children’s understanding of the origin of living
things undergoes considerable change. Between about 8 and 10 years of
age, children develop a more explicit creationist explanation of the origins
of species, regardless of beliefs in their homes (Evans, 2001). Such beliefs
may reflect the formation of an explicit theory based on their initial essen-
tialist bias—that is, their initial tendency to believe that things have a true
underlying nature. Thus, a belief that species have fixed essences works
against the necessary concept of a species as a probabilistic distribution of
traits on which natural selection operates. That essentialist bias, however, is
not merely a problem confronted by children. Indeed, it has been argued
that the relatively late emergence of evolutionary theory in the history of
science was because of the essentialist biases in most adult theories of spe-
cies (Hull, 1965; Mayer, 1982), leading one scholar to remark that essential-
ism had resulted in a “2000 year stasis” in evolutionary thought.

This continuing difficulty with evolutionary thought in adulthood is also
borne out in work showing that college-educated adults also frequently
answer questions about evolution and natural selection in ways that are not
in accord with evolutionary theory (Shtulman, 2006). Thus, essentialist bi-
ases can distort judgments about a wide range of evolutionary phenomena,
including variation, inheritance, adaptation, domestication, speciation, and
extinction (Shtulman, 2006). It may also be the case that evolutionary thought
is hampered in childhood and beyond by another bias that emerges in the
first year of life, that of seeing intentional agents as the only plausible causes
of ordered relationships in the world (Newman et al., 2006). When tested as
to whether an inanimate entity, such as the wind, or an animate one, such as
a person, could cause a disordered array to become ordered, 1-year-olds
and preschoolers strongly prefer the animate agent, while showing no pref-
erence when the situation is reversed, that is, the cause of an ordered array
becoming disordered. This bias may be related to the argument from design,
a centuries-old belief that the elaborate functional structure of the living
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world must be caused by intentional agents who “designed” those living
things.

The study of children’s intuitive biology has also revealed strong cross-
cultural variations that seem to be closely related to cultural practices and
traditions. Thus, children in non-Western traditional cultures often seem to
have more sophisticated notions about taxonomies, ecology, and what prop-
erties are likely to be shared among various groups of animals and plants
(Atran et al., 2001; Atran, Medin, and Ross, 2004; Ross et al., 2003; Waxman
and Medin, in press). The simple act of raising a goldfish can help a child
move to more sophisticated forms of biological thought (Inagaki and Hatano,
2001). One intriguing interpretation of cultural differences has emerged from
a comparison between cross-cultural studies and changes in beliefs about
biology through the course of history. It appears that with respect to an
understanding of the taxonomies of genera, species, and subspecies, there
has been a gradual devolution of biological knowledge in Western urban-
ized cultures over the past 400 years (Wolff, Medin, and Pankratz, 1999;
Atran, Medin, and Ross, 2004).

Expanding Understandings of Matter and Its
Transformation

We discussed how preschool conceptions of matter and its transforma-
tion continue to change in the elementary school years. In addition, we treat
this topic in depth in Chapter 8 where we discuss how a learning progres-
sion can be developed for teaching about matter and the atomic-molecular
theory. We therefore provide only a brief overview here to illustrate the
complexity of the terrain children will have to cover, some of the shifts in
conceptualization that can occur along the way, and how different ideas
interact with each other and with forms of teaching.

There is now an extensive literature of misconceptions in the area broadly
known as chemistry. Misconceptions have been documented in concepts of
burning (Boujaoude, 1991), the nature of gases (Benson, Wittrock, and Baur,
1993), the particulate nature of matter (De Vos and Verdonk, 1996), and
many other areas (Abraham et al., 1992; Andersson, 1990). One major area
of difficulty involves coming to conceptualize gases as material bodies. Stu-
dents tend to think of gases as immaterial and ethereal—belonging to an
ontologically different category than solids and liquids.

Another major difficulty involves developing a macroscopic conception
of chemical substances (as characterized by its properties such as boiling
and melting points, different spectra, etc.) that allows them to identify sub-
stances and track the ways substances can go in and out of existence in
chemical change (Johnson, 2000, 2002). Although very young children tend
to identify material kinds by their perceptual properties, during elementary
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school children increasingly trace the identity of materials through their trans-
formational history (e.g., sawdust comes from grinding up wood, so it must
still be the same kind of stuff with some of its properties). This move can
lead them to “hyperconservation of material kind”—a commitment to think-
ing that the identity of material is generally preserved which prevents them
from being able to engage with the idea of chemical change. For example,
they may see chemical changes as involving simply the mixture of sub-
stances whose identities are maintained during the process. Yet attending to
transformation history can spawn productive insights in other contexts. For
example, it allows them to think of materials as underlying constituents that
maintain some core properties and to explain the properties of large-scale
objects in terms of the materials of which they are composed. This move
may be quite helpful to them in constructing an initial understanding of
density as an intensive characteristic of materials.

Ultimately, however, in developing an understanding of atomic-molecular
theory, students will need to reconsider the relation between properties that
characterize entities at macro and micro levels and the ways assumptions
about entities at the micro level can be used to explain observable phenom-
ena. For example, although some macro-level properties are explained in
decompositional terms (e.g., the weight and mass of an object is a function
of the weight and mass of the atoms or molecules of which it is composed),
other macro-level properties are emergent characteristics explained in terms
of interactions among entities at the micro level. For example, objects are
solid not because they have solid atoms, but because of bonding patterns
among atoms and molecules. Thus, another major area of difficulty concerns
linking up micro-level processes and entities with macro-level phenomena
(Ben-Zvi, Silberstein, and Mamlok, 1989). Thus, elementary schoolchildren
often have difficulty seeing how micro-level entities are related to macro-
level ones, sometimes thinking that everything must appear the same at all
levels of analysis (Nakhleh and Samarapungavan, 1999).

Unfortunately, an understanding of the distinction and linkages between
macro and micro levels is often obscured by current teaching approaches
that do not engage students with thinking through these issues and that
have not systematically developed students’ epistemological understanding
of the nature of models and theories. Students may be introduced to atoms
and molecules through thought experiments about dividing materials into
little pieces. This approach encourages students to think of atoms and
molecules as just little pieces of materials that inherit all of their macroscopic
properties. They then may not recognize that atoms/molecules are preexist-
ing entities with distinct properties and characteristics (Pfundt, 1981). Stu-
dents may be taught about the atomic-molecular theory as a “rhetoric of
conclusions” or list of facts, rather than being engaged in model-based rea-
soning and exploring how to explain and make sense of a wide range of
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phenomena (Lee et al., 1993; Snir, Smith, and Raz, 2003). In addition,
they often are presented with such an impoverished view of the atomic-
molecular theory (e.g., no discussion of atoms and molecules as discrete
particles separated by empty space or of the role of bonds in holding par-
ticles together) that students cannot possibly understand how to explain
macroscopic phenomena in atomic-molecular terms (Nussbaum, 1998).

Fortunately, innovative approaches to teaching students about atoms
and molecules indicate that middle school students can engage with these
issues and benefit greatly from teaching approaches that encourage them to
think through these issues (Lee et al., 1993; Meheut and Chomat, 1990;
Nussbaum, 1998; Snir, Smith, and Raz, 2003; see Chapter 8 for a discussion
of some of these innovative teaching approaches.) Further, there is evidence
that being able to think about matter in atomic-molecular terms feeds back
and helps clarify children’s understanding of the material nature of gases,
phase change, chemical substance and chemical reactions (Lee et al, 1993;
Johnson, 1998, 2002).

In short, it takes many years to work out the subtleties of the appro-
priate constituents of matter and how they combine to create larger units all
the way up to those that are macroscopically observable. As children try to
figure out these relations, they do make a large number of mistaken infer-
ences about the nature of matter and its transformation. Above and beyond
those mistakes, however, are some more accurate beliefs about the different
kinds of matter, some sense of conservation, and what sorts of properties are
likely to be the most useful in identifying substances.

An Expanding Theory of Psychology

We have explained that infants and preschoolers are acutely sensitive to
intentional agents and that they make a wide range of causal attributions
about intentional agents that they do not make for other kinds of agents. By
the end of the preschool period, they have learned how to think about the
relations between true and false beliefs and actions in contexts related to
those beliefs. These insights, however, are only the beginning of a long
process of increasingly subtle insights into the workings of the minds of
others, insights that continue well into adolescence. For example, only in
the middle of elementary school do children start to clearly understand that
an individual can simultaneously have two conflicting desires or beliefs (Choe,
Keil, and Bloom, 2005). Similarly, it can take many years to understand that
different people might see ambiguous events quite differently because of
the different expectations or biases they bring to the situation (Barquero,
Robinson, and Thomas, 2003; Mills and Keil, 2005; Pillow and Henrichon,
1996). The more subtle consequences of thought, such as that cognitive
inferences can be sources of knowledge, also take time to develop (Pillow
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et al., 2000). As we discuss in Chapter 5, views toward knowledge as con-
structed and subjective tend to emerge in middle childhood. These increas-
ingly sophisticated views toward knowledge are related to a child’s develop-
ing understanding of the ways in which knowledge is gained in the sciences
as well.

There are, however, signs of a continuing influence of theory of mind
errors in children and adults. For example, Keysar, Lin, and Barr (2003)
asked adults to play a communication game where one person played the
role of a director who directed another person (the participant) to move
objects around on a grid. Before receiving instructions, the participant hid
an object in a bag such that the director did not know its identity. During the
game, the director sometimes described an object in the grid that both people
could see in ways that more closely matched the object hidden in the bag.
Although the participant knew the director was unaware of the identity of
the object in the bag, he or she often thought the director was referring to
the hidden object, sometimes even attempting to follow the director’s in-
struction by moving the object in the bag instead of the object on the grid.
These kinds of mistakes are predicted from vestiges of failures that young
children make about false beliefs (Keysar, Lin, and Barr, 2003). Similarly,
egocentrism, a difficulty in taking the points of views of others, can have
strong influences on adult inferences into the mental states of others. More
subtle misconceptions concerning the nature of perception also persist into
adulthood. For example, many adults believe that, in order to see, some-
thing must leave the eyes (extramissionist view). That is, the perceiver
“projects” rays out of the eyes into the world that “see” objects. This belief
often influences adult judgments of how other humans perceive (Cottrell
and Winer, 1994).

Toward a Mature Cosmology

As mentioned earlier, much of the work on the child’s emerging under-
standing of cosmology spans the preschool and elementary school years,
making a discussion here of later developments less necessary. It is worth
briefly noting, however, that a great deal of detailed knowledge about cos-
mology can be acquired during the elementary school and middle school
years, although progress here is typically quite variable. Many children learn
more and more about astronomical bodies and their distinctions, such as
stars and planets. Some even start to understand more clearly the Coperni-
can view of the solar system, although research has shown that misconcep-
tions about the explanation of day and night and the seasons can extend
into the adult years. Furthermore, it can take many more years to correctly
understand the basis for the tides, eclipses, and the nature of distances in the
universe.
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A review of three decades of research on learning about Earth’s spheri-
cal shape and gravity (Agan and Sneider, 2004) found that until fourth grade
it is very difficult for students to fully grasp the spherical Earth concept, with
gravity pulling objects toward Earth’s center, and that “achieving conceptual
change at such a deep level requires clarification of current ideas (even if
those ideas may be wrong), listening to the ideas of others, thinking through
the logical implications of different models, and then applying conceptual
models to explain previously observed phenomena.” Yet, taking the time to
construct such a robust Earth concept may be worth it for several reasons.
First, it provides a foundational framework for constructing explanations of
many important phenomena that connect to children’s daily lives such as the
reasons for day and night and the causes of the seasons. Second, it provides
a wonderful opportunity for engaging in model-based reasoning during the
elementary school years and developing important epistemological under-
standings of models.

Critical to an account of cosmology is a recognition that most adults
through most of history have held views that are radically different from
those held by scientists today. Errors and mistakes are, in that sense,
the norm for individuals of all ages and not merely during a period of
development.

Summary of Knowledge Growth Across the Domains

A few themes cut across all domains in discussions of knowledge growth
after preschool. First, it is clear that older children are building on the prod-
ucts of preschool knowledge growth. The cognitive achievements of infants
and toddlers provide older children with foundations for further understand-
ings in each domain. It is easy to see how notions of mechanics, folk psy-
chology and folk biology, for example, persist into later childhood and influ-
ence the ways in which more detailed mental models are constructed.

Second, a great deal of development during the elementary school years
involves learning about more detailed mechanisms and facts in various do-
mains. The surprisingly abstract frameworks and expectations that develop
in the early years are now supplemented by more concrete ways of fleshing
them out. Whether it is specific notions of digestion, blood flow, burning, or
gear action, children attempt to work out the concrete details in each do-
main in ways that honor the legacies of preschool and infancy.

Third, children’s attempts to develop more concrete models result in a
large number of misconceptions. Concreteness can lead to commitments
that create mistakes. Children’s misconceptions can be dramatic, but they do
not really represent a step backward from earlier ages when those miscon-
ceptions might be weaker or not even present. In many cases, moving through
a series of misconceptions may be the only plausible way for a child to
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progress toward a more correct and detailed notion of mechanism. In addi-
tion, many misconceptions persevere into adulthood, illustrating that mis-
conceptions will always be a by-product of attempts to build more precise
accounts of how the world works.

Finally, the elementary school years and beyond can include impressive
periods of conceptual change. Children will come to reassign entities to differ-
ent ontological categories, they will put together concepts to create new ones,
and they seem to have dramatic new insights that can change the way they
understand a whole domain. Tt is equally clear that there is a real diversity in
the kinds of conceptual change that occur, a diversity that must be understood
to have a full account of how the foundations of a scientific knowledge emerge
in childhood. That topic is the focus of the next section.

THE NATURE OF CONCEPTUAL CHANGE

As described in the preceding chapter, one of the surprising discoveries
of the past few decades of research in developmental psychology is the
tendency for children to search for mechanisms and the important ways
ideas about mechanisms inform their reasoning and inference in everyday
life. As we've said, children are by no means the blank slates or concrete,
atheoretical reasoners that previous theorists have claimed. Instead, they
have some existing concepts, constrained by either framework theories
(Inagaki and Hatano, 2002; Vosniadou and Toannides, 1998; Wellman and
Gelman, 1992), modes of construal (phenomena in a domain are assumed to
correspond to certain causal patterns; Keil, 2003), or skeletal principles (in-
nate, abstract guidelines; Gelman and Lucariello, 2002), that help them carve
the world up into different domains and organize their expectations about
how different types of things should behave. These concepts help them
organize and make sense of the world, support categorization, inductive
and deductive inference, problem solving, explanation, as well as language
learning and comprehension (Carey, 1999; Thagard, 1992; Wellman,
1990).

The research of the past few decades has thus revealed greater similari-
ties between the concepts of children and those of scientists, avoiding sim-
plistic dichotomies in which the concepts of the two are seen to be funda-
mentally different types. Not only is there now greater recognition of the
implicit explanatory and systematic constraints on children’s concepts (Carey,
1999; Gelman and Lucariello, 2002; Keil and Lockhart, 1999; Wellman and
Gelman, 1992) but also of the implicit, informal aspects of scientific con-
cepts (see the pioneering work of Clement, 1991, 1993, and Nersessian,
1992, in this regard). In addition, philosophers and historians of science
have long recognized the role of guiding paradigms and frameworks, in
which many deeply entrenched assumptions are not consciously empha-
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sized or subjected to investigation, just assumed (e.g., Kuhn, 1970; Lakatos,
1978).

Greater awareness of the similarities between children’s and scientists’
concepts also allows one to consider the differences between them. Some
researchers suggest that children’s concepts may differ from those of scien-
tists because they are embedded in different theories or constrained by some-
what different assumptions about the origins of the natural world and the
nature of knowledge. Clearly, the current theories of science are immense
intellectual achievements that are the products of centuries of investigation
and testing carried out by entire communities of adult experts. Furthermore,
the history of scientific ideas documents the profound changes in proposed
theories and explanatory ideas that have occurred as scientists have struggled
to develop, test, and refine their theories. Many of the concepts in these
theories are counterintuitive, far removed from the first guesses one would
have made about what the world is like and how it functions. In this view,
learning science is difficult not because of what children don’t have or lack,
but because of what they do have: some initial commitments and ideas that
will need to be revised and changed.

Forms of Conceptual Change

Conceptual change can take a variety of forms that can vary in degree
and difficulty (Carey, 1991; Chi, 1992; Keil, 1999; Thagard, 1992). A chal-
lenge for conceptual change researchers is to provide a typology of impor-
tant forms of conceptual change that occur, especially in the course of sci-
ence learning. Most researchers make a distinction between changes that are
relatively easy, because they are basically consistent with students’ initial
conceptual structure, and ones that are more difficult because they call for
more fundamental revisions to that structure. In the latter group, some make
further distinctions based on the extent of the restructuring involved and the
degree that such restructuring violates students’ most central ontological
commitments.

Science education presents many opportunities for multiple kinds of
change that vary in difficulty. Teachers and curriculum developers are often
not aware of these different levels of difficulty and hence don’t appro-
priately modify their methods of teaching when confronting different types
of cases.

Elaborating on an Existing Conceptual Structure

At one level, students are relatively quick to learn new concepts that fit
within an existing conceptual structure, such as new subkinds or
superordinates or new parts or properties of particular kinds. For example,

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

108

TakiNG SciENCE To ScHooL

learning about new kinds of animals (e.g., aardvarks, emus) or subkinds of
dogs (e.g., German shepherds, bulldogs) need not require a change in the
child’s concept of animals or dogs. The child already knows that animals (or
dogs) can vary in size, body type, eating preferences, and temperament.
Thus, identifying new kinds that have different clusters of these attributes
enriches the child’s understanding of the diversity of animals or dogs with-
out fundamentally challenging the organizing principle on which their con-
cept of animal or dog is based. Similarly, adding a new superordinate that
unites subkinds (e.g.. learning that bears, dogs, and cats are all mammals)
need not be difficult, especially when there are some easy-to-understand
common properties that unite these kinds (e.g., they are all warm-blooded
and nurse their young) and when the new kind called “mammals” can be
understood as a special kind of animal.

Restructuring a Network of Concepts

In other cases, children need to restructure their understandings of an
entire network of concepts that are used to understand or explain phenom-
ena in a given domain. In these cases, there are multiple coordinated changes
in the conceptual groupings used, and not a simple one-to-one correspon-
dence between the concepts of the earlier and the later network.

In conceptual differentiation, the newer (descendant) theory uses two
distinct concepts whereas the initial (parent) theory used only one, and the
undifferentiated parent concept unites elements that will subsequently be
kept distinct and regarded as fundamentally different kinds. For example,
children initially conflate dead/not real/inanimate in an undifferentiated con-
cept of “not alive,” which subsequently is rearticulated as separate concepts
characterizing fundamentally different kinds of things (Carey, 1985, 1999).
In another case, children initially conflate heavy/heavy-for-size in an undif-
ferentiated concept of “felt weight,” which is subsequently reanalyzed as
weight (an extensive physical quantity) and density (an intensive quantity)
(Carey, 1991; Smith, Carey, and Wiser, 1985). Conceptual differentiation is
different from simply adding two new subcategories to an existing category
(as when one learns to distinguish two different types of dogs), because in
those cases the parent concept “dogs” remains intact when the subtypes are
added. In differentiation, the parent concept is seen as incoherent from the
perspective of the subsequent theory and plays no role in it.

Conceptual differentiations are typically accompanied by conceptual
coalescences, another fundamental form of conceptual change. In co-
alescences, the descendant theory introduces a new concept that unites con-
cepts previously seen to be of fundamentally different types in the parent
theory. For example, children initially see solids and liquids as fundamen-
tally different from air (Smith et al., 1997; Stavy, 1991). Later they may come
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to see them all as distinct forms of matter. For another example, children
initially see rest as the opposite of motion. Later, in learning physics, they
come to see both rest and uniform motion as “unaccelerated” states resulting
from balanced forces. Conceptual coalescence is different from simply add-
ing a more general category by abstracting properties common to more
specific categories. In coalescence, the initial concepts are thought to be
fundamentally different kinds, and the properties or relations that will be
central to defining the new superordinate category are not explicitly repre-
sented or considered central to the initial concepts.

Two additional forms of conceptual change frequently accompany con-
ceptual differentiations and coalescences and can contribute to the restruc-
turing: (1) there can be changes in what characteristics are seen as central or
peripheral to (multiple) concepts and (2) something that was originally con-
ceptualized as a property may be reconceptualized as a relation (or vice
versa). For example, in coming to form a biological concept of living things
that includes both plants and animals, children may shift from the view that
being active and moving without outside intervention are more central to
living things, to the view that having a life cycle (involving reproduction,
growth, and death) and engaging in basic processes to sustain life (such as
getting food, water, air) are more central. These changes in turn require
coordinated changes in children’s related conceptions of reproduction, growth,
death, eating, drinking, and breathing as well, as they develop a more ab-
stract sense of how these processes can apply to organisms as different as
plants and animals.

Similarly, in order to rationalize the inclusion of air, solids, and liquids
into a single category of matter, children must move from thinking of matter
as something perceptually accessible (as something one can see, feel, touch)
to thinking of it as something that takes up space and has weight. This
change in turn requires changes in their initial concepts of taking up space
and weight—for example, reconceptualizing weight from something that is
primarily perceptually defined and assessed (i.e., weight as felt weight) to
an objective magnitude that is measured and quantified. This reconcep-
tualization also supports making a principled differentiation between weight
and density.

Adding New (Deeper) Levels of Explanation

Learning science with understanding requires that children reconcep-
tualize their initial concepts to describe macroscopically accessible objects
and events. It also requires that they add new levels of conceptual descrip-
tion (e.g., descriptions of the behavior and interactions among atoms and
molecules, of the structure and functioning of individual cells), in order to
provide deeper layers of explanation. Adding these new levels is difficult for
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several reasons. First, these levels may build on some of the previous
restructurings described above and provide deeper explanation of many
phenomena. Given that many students do not achieve those understand-
ings, they do not have an appropriate foundation for constructing the next
level of explanation.

Second, these new levels can interact and mutually support each other.
For example, a deep understanding of cell theory and basic biological pro-
cesses of living things actually calls for students to integrate atomic-molecular
ideas into their analyses of living things. Without that foundation and level
of analysis, many of the ideas of cell theory remain hard to explain or under-
stand. Finally, adding these new levels calls for greater sophistication than
many students have. For example, it requires that students understand the
nature and purpose of explanatory models and how they are evaluated.
That is, they are evaluated on the basis of their ability to explain a pattern of
evidence rather than on whether they “look like” what is to be explained. If
students do not have this kind of understanding, they may reject claims
about atoms—such as that they are in constant motion—because these vio-
late their commonsense impressions.

Mechanisms of Conceptual Change

One reason for distinguishing more fundamental, “revolutionary” con-
ceptual changes from belief revision or conceptual elaboration is that these
more profound forms of change may require a more complex coordination
of a variety of learning mechanisms than more typical learning does. Most
everyday learning involves knowledge enrichment and rests on an assumed
set of concepts. For example, people use existing concepts to represent new
facts, formulate new beliefs, make inductive or deductive inferences, and
solve problems. Fundamental conceptual change, in contrast, involves coor-
dinated adjustments of a variety of sorts in students’ network of concepts.
The concepts of the new theory are ultimately organized and stated in terms
of each other, rather than the concepts of the old theory, and there is no
simple one-to-one correspondence between some concepts of the old and
new theories. By what learning mechanisms, then, can students compre-
hend a genuinely new set of concepts and interrelations and come to prefer
them to their initial set of concepts?

Acquiring New Knowledge Over an Existing Base of Concepts

First, the acquisition of new knowledge about the world (building on an
initial base of concepts) is certainly an important part of the process of
conceptual change (Carey, 1985; Chi, 1992; Case, 1997). For example, young
children certainly won’t change their understanding of living things without

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

KnowLEDGE AND UNDERSTANDING OF THE NATURAL WORLD

learning about internal body organs and their function; they won'’t deepen
their understanding of materials without learning about a variety of materials
and their characteristics. The claim being advanced by conceptual change
researchers, however, is that, although such new knowledge may be neces-
sary for conceptual change, it is not sufficient to produce it (Carey, 1991,
Inagaki and Hatano, 2002).

Some of the strongest evidence for this claim comes from the repeated
failures of both traditional science instruction and simple discovery learning
to produce understanding of scientific ideas for large numbers of students.
Such failures have been found in domain after domain, such as photosyn-
thesis (Roth, 1984), atomic-molecular theories of matter (Lee et al., 1993),
and weight and density (Smith et al., 1997). Traditional instruction exploits
simple knowledge-telling strategies of teaching and conveys science as a
rather flat “rhetoric of conclusions” (Schwab, 1962). Simple discovery ap-
proaches have students do experiments or make observations with the naive
hope that the scientists’ conclusion will emerge unproblematically from the
data (Roth, 1990, 2002). Given that both these didactic and discovery teach-
ing approaches are certainly introducing students to a wealth of new knowl-
edge and experiences, these findings underscore that being exposed to new
information is not the same as remembering or understanding it. Indeed, in
one study of a special cognitively impaired population with Williams Syn-
drome (Johnson and Carey, 1998), it appeared that simple knowledge accu-
mulation was possible for this group in the area of biology but not the more
revolutionary cases of conceptual change, which may require much deeper
causal explanatory understandings to occur.

Metacognitively Guided Learning

Children’s metacognitive abilities may be critical to many cases of fun-
damental conceptual change (Beeth, 1998; Case, 1997; Inagaki and Hatano,
2002). Metacognition or “thought about thought” refers to a broad range of
processes, including monitoring, detecting incongruities or anomalies, self-
correcting, planning and selecting goals, and even reflecting on the structure
of one’s knowledge and thinking (Gelman and Lucariello, 1992). Even pre-
school children have some metacognitive abilities, but major expansions in
these abilities during the elementary school years may create especially pow-
erful support for more dramatic forms of conceptual change.

Metacognitive abilities may foster conceptual change by detecting and
monitoring incongruities in an existing conceptual system. This alerts the
learner to potential problems, but it does not itself reveal the nature of the
problem or its resolution (Gelman and Lucariello, 2002; Inagaki and Hatano,
2002). When an unexpected result arises, there can be many reasons for
the anomalous data: a fluke result, poor data collection technique, a faulty
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hypothesis, a limited framework theory, among others (Chinn and Brewer,
1993). More explicit metacognitive knowledge (that allows one to identify
and describe different sources of problems) can help direct the learner’s
attention to determine the likely source of the problem given further infor-
mation. For example, the learner might check to see if the result is repro-
ducible, reexamine the data collection methods, compare results with other
groups, etc. Thus, a second function of metacognition is a more directive
and reflective one: to consider possible reasons for the incongruity and
gathering or selecting further information that helps refine one’s under-
standing of the problem. Adding a reflective component to learning not
only speeds up the time it takes to learn, but also makes it possible to
learn things that one might never figure out through trial and error (Case,
1997).

Evidence that metacognition plays a key role in conceptual change
learning comes from a variety of types of studies. The instructional tech-
niques that have been shown to be effective in producing conceptual un-
derstanding of new science content all have a strong metacognitive com-
ponent (Minstrell, 1982, 1984; Nussbaum and Novick, 1982; Chinn and
Brewer, 1993; Roth, 1984; Brown and Campione, 1994; Hennessey, 2003;
Beeth and Hewson, 1999; National Research Council, 2000). Typically, ac-
tivities are introduced to make students aware of their initial ideas and
that there may be a conceptual problem that needs to be solved. Students
may be asked to make a prediction about an event and give reasons for
their prediction, a technique that activates their initial ideas and makes
students aware of them. Class discussion of the range of student predic-
tions foregrounds alternative ways of thinking about the event, further
highlighting the conceptual level of analysis and creating a need to resolve
the discrepancy. Gathering data that expose students to unexpected dis-
crepant events or posing challenging problems that they cannot immedi-
ately solve are other ways of sending signals to students that they need to
stop and think, step outside the normal “apply” conceptual framework
mode, to a more metaconceptual “question, generate and examine alterna-
tives, and evaluate” mode. In addition, experimental manipulation of the
amount of reflective inquiry and self-assessment in two identical versions
of a carefully designed inquiry unit on motion for sixth graders produced
greater gain scores for the students in the classroom with enhanced oppor-
tunities for reflective self-assessment (White and Frederickson, 1998). Par-
ticularly important, the gains were evident for all ability levels; indeed,
they were highest for students with lower ability levels.

Elementary schoolchildren have much more capacity for metacognitively
guided learning than has been commonly supposed or taken advantage of
by existing science curricula (see Hennessey, 2003, for a detailed analysis of
the subtle and diverse expressions of metacognitive understandings shown
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by her students in science class in grades 1 through 6). These abilities are
typically overlooked and untapped in traditional approaches to science teach-
ing, and, as a result, they not only fail to develop those abilities further, but
also reduce the chances of conceptual change.

Constructing New Conceptual Representations

Conceptual change often requires an ability to imagine and understand
alternative ways of conceptualizing the problems under consideration (Strike
and Posner, 1985; Inagaki and Hatano, 2002; Carey, 1999). Indeed, research
has shown that students are reluctant to abandon an initial idea, however
imperfect, if there is not a better idea available (Karmiloff-Smith and Inhelder,
1974; Chinn and Brewer, 1993). Instead they are likely to ignore or discount
the challenging data, consider that their idea works most but not all of the
time, or make local patches. For this reason, researchers have noted the
limitations of “discrepant events” as catalysts of conceptual change. Although
they can be helpful in arousing interest, they may be counterproductive if
introduced too soon before students have the conceptual resources to re-
solve them. Furthermore, they are not the only means of motivating concep-
tual change.

How can students construct a new set of conceptual representations?
They need to draw on existing resources in their conceptual system—things
they already understand in some context or that make sense to them. Draw-
ing on and connecting to these resources is essential if the new conception
is going to be intelligible to them—something often overlooked when they
are presented with explicit formal definitions that they cannot understand.
Some of these resources may come from within their initial theory for a
given domain (e.g., as they learn about new internal body parts or organs of
human beings, or elaborate on their understanding of eating, growing, and
breathing). Others may come from understandings students have outside the
domain (e.g., as they draw on their knowledge of number in constructing
measures of physical quantities, such as weight).

Students then need to use a variety of heuristic procedures and sym-
bolic tools to exploit these resources in constructing new representations of
the problem. For example, heuristic procedures, such as analogical and im-
agistic reasoning, thought experiments involving extreme and limiting case
analyses, and inference to best explanation allow students to creatively ex-
tend, combine, and modify existing conceptual resources through the con-
struction of new models (Nersessian, 1989, 1992; Clement, 1991; Gentner et
al., 1997; Kuhn, 1977; Carey, 1999). Symbolic tools, such as spoken and
written language, diagrams, pictures, and algebraic, geometric, and graphi-
cal representations of mathematics, and other invented or culturally trans-
mitted notational systems, allow the explicit representation of key relations
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in the new system of concepts (Gelman and Lucariello, 2002, discuss this as
forming rerepresentations) (see also Lehrer et al., 2000).

Even preschool children can use many of these heuristic techniques in
limited contexts and in domains they understand, although they certainly do
not yet coordinate them in the service of serious model-based reasoning. For
example, even 3-year-olds can engage in analogical reasoning (Goswami and
Brown, 1990); they can also engage in inference to best explanation, as when
they infer a hidden causal mechanism to explain an observable event (Bullock

Box4-1 An Example of Discovery Argumentation

An example of a powerful form of discovery argumentation is the “bridging
analogies” strategy (Brown and Clement, 1989; Clement, 1993). In this strategy, one
identifies a target situation in which students’ initial intuitions are at variance with the
expert analysis. For example, students do not see a book resting on a table as involv-
ing balanced forces (i.e., the force of the book on the table is equal and opposite to
the force of the table on the book). Instead, they think that only the book is pressing
on the table, or that it is pressing down more than the table is pressing up (hence,
the book stays down). In fact, they often don’t think of a table as the sort of thing that
can exert a force; it is conceptualized as a passive resistance or support.

Then one looks for an anchoring intuition—a situation in which the students’
intuition is in line with the expert analysis, even though they may not yet share the
same general conception of force with the expert. For example, students see a
book resting on an outstretched hand as a clear case of balanced forces, because
the student can actively feel and imagine exerting greater and greater force as
more books are piled on to actively compensate for the weight of the book.

Students initially see these two situations as entirely different from each other.
Then one presents a series of bridging analogies—new situations that are interme-
diate between the target and the anchor, such as a metal coiled spring. The metal
coil shows visible compression when the book is placed on it, which helps the
student see the situation as like the hand, with which the student can feel the
push and counterpush. Yet unlike the hand, it is an inanimate object. Students can
engage in cycles of reasoning about these situations and in the process construct
a new model of the situation, in which they can imagine the molecules in the table
undergoing compression when the book is placed on it and pushing back with
equal and opposite force. They can they test their prediction by checking if, in fact,
there is a (slight) compression of the table when the book is placed on it.
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and Gelman, 1979). Thus, conceptual change researchers are finding that in-
volving elementary, middle, and high school students in discovery argumenta-
tion via cycles of model-based reasoning—practices very similar to those used
by scientists themselves—are highly effective means of building these new
understandings (Brown and Clement, 1989; Lehrer et al., 2001; Smith et al.,
1997, Stewart, Cartier, and Passmore, 2005; White, 1993; Wiser and Amin,
2001). Such modes of teaching and presentation are dramatically different,
however, from those employed in traditional instruction (see Box 4-1).

Clement and his colleagues have exploited this bridging analogies strategy, in
combination with other techniques, throughout a high school physics curriculum
(Camp and Clement, 1994). In addition, they have directly compared the effective-
ness of this mode of discovery argumentation with more traditional modes of argu-
mentation in making new ideas intelligible and plausible to students (Brown and
Clement, 1989). Both approaches use a variety of everyday examples as well as
present an important “big idea,” but the examples are organized and presented
entirely differently in relation to the big idea.

In the traditional approach, the big idea is stated as a general principle, such as
Newton's third law. It is assumed that the general principle is immediately intelli-
gible to students, and that each of the subsequent examples will be compelling
and readily interpretable in terms of the general principle. There is no consideration
that students may have alternative ideas that are inconsistent with both under-
standing and accepting this general principle.

In the bridging approach, it is assumed that students have an alternative way
of thinking about the target situation, but that they have resources available (in
the form of physical intuitions about different physical situations) that can be
drawn on in constructing a new representation of the target situation. In addition,
students are led to formulate the big idea through a chain of reasoning about
specific situations. Finally, the big idea takes the form, not only of an abstract
general principle, but also of a model of the situation that incorporates both ab-
stract elements and physical intuitions, which allows them to see the situations
in new ways. The results of their study were striking: students were able to
understand Newton'’s third law more thoroughly and apply it to novel situations
when presented with text that used the bridging analogy argumentation (Brown
and Clement, 1989).
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The recent interest in having science instruction focus on helping students
to construct and evaluate abstract models of situations fits with the recognition
that effective science learning calls for students to construct new representa-
tions that differ in important ways from those used in everyday life. Science
involves more than gathering new data and making inductive generalizations
from those data; it also involves new ways of seeing those data in terms of
idealized representations. Although there are many approaches to building
these models in different domains, science commonly incorporates mathematical
relations in these models (Nersessian, 1992) as well as physical intuitions and
sensorimotor schemas (Brown, 1993; Clement, 1991). As Nersessian (1989)
points out, “in learning Newtonian mechanics, students must usually also learn
how to construct an abstract, mathematical representation of the physical world
for the first time.” Thus, science educators should not neglect teaching stu-
dents some of the idealization techniques (such as thought experiments and
limiting case analyses) that are central to constructing those abstract represen-
tations and that can facilitate their recognition of deep analogies between
superficially different phenomena.

Strengthening New Systems of Ideas

Constructing a new system of ideas does not, of course, ensure that
these ideas will be internalized (i.e., frequently used in appropriate contexts
or that they will even be preferred to one’s initial ways of thinking). How
does a new conceptual system become strengthened and gain ascendancy
over one’s initial ideas? Many conceptual change researchers have consid-
ered that engaging in argument may be a central part of this process (e.g.,
Chinn and Brewer, 1993; Strike and Posner, 1985; Thagard, 1992). More
specifically, students are asked to evaluate (or debate) the adequacy of the
new system with known competitors. For example, the new system will gain
ascendancy if seen as more plausible (consistent with prior knowledge and
existing data) and fruitful (generative of further questions) (Strike and Posner,
1985). Or the new system will be favored if it is seen as more explanatorily
coherent (Thagard, 1992); a variety of aspects contribute to judgments of
coherence, such as explanatory breadth, elegance, simplicity (not ad hoo),
avoidance of contradiction, and future prospects. Even elementary school
students are sensitive to many of these features in judging rival accounts.
More specifically, Samarapungavan (1992) found that children prefer ac-
counts that explain more, are not ad hoc, are internally consistent, and fit
the empirical data. An important step in evaluating an argument may first be
to discuss and construct some shared norms for argumentation not only
among students but also with the broader scientific community they are
trying to understand (Brown and Campione, 1994; Beeth, 1998; Beeth and
Hewson, 1999; Duschl and Osborne, 2002; Sandoval, Reiser, 2004).
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Argumentation and repeated application of new ideas are both impor-
tant and may involve complementary, but also mutually supportive, pro-
cesses. Argumentation is a more explicit “meta-process,” whereas repeated
practice in application involves (in part) gaining lower level associative
strength. At the same time, argumentation from patterns of evidence in-
volves practice in application, and repeated application can also provide
additional opportunities for metacognitive reflection. Indeed, many science
educators believe that a key to promoting conceptual change in the class-
room is to create a more reflective classroom discourse that is structured
around explicit argumentation (Hennessey, 2003; Herrenkohl and Guerra,
1998; van Zee and Minstrell, 1997). In addition, longitudinal studies of con-
ceptual change highlight the importance of elaboration and depth of cover-
age (Clark and Linn, 2003), opportunities to revisit key ideas introduced in
benchmark lessons (diSessa and Minstrell, 1998; Minstrell, 1984; Minstrell
and Kraus, 2005; Roth, Peasley, and Hazelwood, 1992), and continued use
of key ideas in subsequent courses in which they are further elaborated
(Arzi, 1988).

Developmental Change That Is Not Conceptual Change

It is important to note that not all developmental change in performance
on science-related tasks involves conceptual change. Some kinds of change
can often appear superficially to be conceptual change but in fact may be
quite different. Consider cases of increasing access to conceptual systems
and increasing relevance. Increasing access can be illustrated by an analogy
of a child learning to use a heavy hammer. The child may only be capable of
using the hammer to hit nails at eye height or lower, as the hammer is too
heavy to use for higher level objects. As her arm gets stronger, she can use
the hammer in new tasks. Her basic skills at hammering may not have changed
in important ways, only her general arm strength. Similarly, a child may
have a conceptual system that she uses to understand a phenomenon, but
because of more general memory or attentional limits, she may not be able
to use it in as wide a range of tasks as an older child. Change here may not
involve new conceptual insight, but merely increasing processing capacity,
memory storage, or attentional ability. A child who fails to engage in transi-
tive reasoning with a set of inequalities may be failing not because he doesn’t
have the concept of transitive relations, but rather because he cannot re-
member as many relations as an older child. When that memory is assisted,
he can see the transitive relations as well (Bryant and Trabasso, 1971). Thus,
some tasks may, for cognitive reasons not related to conceptual change,
prevent a child from accessing the needed conceptual systems.

In other cases, a child may be able to access a conceptual system but
may have a different default bias for thinking about which system of expla-
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nation is most relevant to the task at hand. A younger child may think
hammers are used for hammering nails and not at first realize that they can
also be used for sealing a paint can lid. When she realizes the relevance, she
can use the tool immediately. The same pattern can happen with conceptual
systems as tools. Shifting relevances in themselves may or may not be re-
lated to conceptual change. We have already seen how a child may undergo
conceptual change in an area but still fall back on an older system because
she doesn’t fully realize the relevance or value of the new one. When the
relevance is made clear, the child may suddenly use the system with ease.

One example occurs in the development of biological thought: younger
children may interpret a property, such as “sleeps,” in psychological terms
and thereby judge that simple animals do not sleep (Carey, 1985). Yet when
the same children are primed with a very brief context indicating that sleep-
ing can also refer to how the body works, they will instantly attribute sleep-
ing to a much broader array of cases (Gutheil, Vera, and Keil, 1998). The
most relevant domain of explanation for a particular task may often come
from experience with alternative framings or even from general cultural
practices (Atran, Medin, and Ross, 2004).

It is therefore essential, when encountering developmental changes in
children’s ability to reason about various problems in the sciences, not only
to understand the kind of conceptual change that is involved, but also to
understand that some dramatic changes in performance ability may be largely
unrelated to any underlying changes in conceptual understanding. As an
adult, one can easily see how this is the case by considering how one’s
ability to understand a complex scientific phenomena may evaporate in the
face of powerful cognitive distractions, massive sleep deprivation, or other
factors that reduce the efficiency of cognitive processing. A sleep-deprived
person hasn’t really undergone regressive conceptual change; he simply has
lost access and may not be tracking as well cues to the relevance of the best
conceptual system. As mentioned earlier, however, memory and attentional
changes can sometimes also be linked to conceptual change and, in such
cases, bring conceptual change back into the process of developmental
change.

CONCLUSIONS

As children enter elementary school, the pace of change in their knowl-
edge and understanding of the natural world continues and sometimes seems
to dramatically accelerate. Thus, while they bring much with them to the
classroom from their preschool years, they launch into quite extraordinary
expansions of their knowledge and understanding between kindergarten
and grade 8. Understanding how their knowledge growth unfolds and can
be supported requires an appreciation of the connections with earlier forms

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

KnowLEDGE AND UNDERSTANDING OF THE NATURAL WORLD 119

of understanding. Importantly, the kindergartener must be seen as far more
than a bundle of mistaken ideas that needs to be completely reformed from
scratch.

Admittedly, children’s understandings of the world sometimes contra-
dict scientific explanations, and these conceptions about the natural world
can pose obstacles to learning science. However, their prior knowledge also
offers leverage points that can be built on to develop their understanding of
scientific concepts and their ability to engage in scientific investigations.
Thus, children’s prior knowledge must be taken into account in order to
design instruction in strategic ways that capitalize on the leverage points and
adequately address potential areas of misunderstanding. Young and novice
students are likely to profit from study in areas in which their personal, prior
experience with the natural world can be leveraged to connect with scien-
tific ideas.

Debates remain about how the early understanding that children bring
to school continues to develop across later years. According to one view,
these core knowledge domains from infancy remain a nearly invariant frame-
work of ways of understanding the world for much of one’s life afterward
(Carey and Spelke, 1996). Thus, even as adults, especially when under time
pressure or distraction, we may show some of the same errors shown by
infants in terms of their understandings of trajectories, collisions, and the
like. By these accounts, there is a freezing of core knowledge domains
early on because such knowledge can only be elaborated, not fundamen-
tally revised. The later development of both naive and more formal scien-
tific theories depends on the ability to combine these domains (as well as
other constructed understandings) in new ways, perhaps through language,
which is said to have a kind of combinatorial glue-like power over these
domains. These newer forms of knowledge, unlike core knowledge, are
always open to revision, including quite radical forms of conceptual change.
They also emerge in a different cognitive format and sit on top of these core
domains but not really rewrite them or reinterpret them so much as coexist
with them and be more evident when cognition is more reflective, slow,
and considered.

An alternative view considers all knowledge to be revisable (Gopnik,
1996) and that these early domains continue to differentiate and become
elaborated through childhood and perhaps into adulthood as well (Rogers
and McClelland, 2004). For example, the folk sciences may start in infancy
but continue to grow, as systems, for many years thereafter. In some ac-
counts they may continue to gradually differentiate, but they always tend to
have the same overall structure. In other accounts, quite dramatic patterns of
conceptual change, sometimes akin to scientific revolutions in the history of
science, are said to occur.

Conceptual change can take on several distinct forms, and the literature
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uses several different senses of these kinds of change, sometimes not recog-
nizing the differences (Inagaki and Hatano, 2002; Keil, 1999). Tt is critical to
understand the full diversity of kinds of conceptual change and the range of
mechanisms that bring it about as well as how developmental changes in
scientific thought can occur without obvious conceptual change.

Some conceptual changes are more challenging than others. For ex-
ample, when children develop commonsense frameworks that deviate sub-
stantially from those proposed by scientists, a considerable amount of con-
ceptual work is required to achieve knowledge restructuring. Part of the
difficulty of learning a new concept is letting go of a familiar but incorrect
set of ideas. Major changes in conceptual frameworks are often difficult to
grasp because they require learners to break out of their familiar frame and
reorganize a body of knowledge, often in ways that draw on unfamiliar
ideas. Making these changes is facilitated when students engage in meta-
cognitively guided learning, when teachers use a variety of techniques (such
as bridging analogies, thought experiments, and imagistic reasoning) to help
students construct an understanding of new concepts, and when students
have opportunities to strengthen their understanding of the new ideas through
extended application and argumentation.

Importantly, the difference between students who are less or more pro-
ficient in science is not only that the latter know more discrete facts. Instead,
gains in proficiency often consist of changes in the organization of knowl-
edge, not just the accretion of more pieces of knowledge. When students
develop a coherent understanding of the organizing principles of science,
they are more likely to be able to apply their knowledge appropriately and
will learn new, related material more effectively. Knowledge of the salient
factual details is necessary but not sufficient for developing an understand-
ing of the discipline and its core ideas and principles.
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Generating and Evaluating
Scientific Evidence and Explanations

Major Findings in the Chapter:

e Children are far more competent in their scientific reasoning than
Sfirst suspected and adults are less so. Furthermore, there is great varia-
tion in the sophistication of reasoning strategies across individuals of
the same age.

e In general, children are less sophisticated than adults in their scientific
reasoning. However, experience plays a critical role in facilitating the
development of many aspects of reasoning, often trumping age.

e Scientific reasoning is intimately intertwined with conceptual knowi-
edge of the natural phenomena under investigation. This conceptual
knowledge sometimes acts as an obstacle to reasoning, but often fa-
cilitates it.

e Many aspects of scientific reasoning require experience and instruc-
tion to develop. For example, distinguishing between theory and evi-
dence and many aspects of modeling do not emerge without explicit
instruction and opportunities for practice.

In this chapter, we discuss the various lines of research related to Strand
2—generate and evaluate evidence and explanations.! The ways in which

Iportions of this chapter are based on the commissioned paper by Corinne Zimmerman
titled, “The Development of Scientific Reasoning Skills: What Psychologists Contribute to an
Understanding of Elementary Science Learning.”

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

130

TakiNG SciENCE To ScHooL

scientists generate and evaluate scientific evidence and explanations have
long been the focus of study in philosophy, history, anthropology, and soci-
ology. More recently, psychologists and learning scientists have begun to
study the cognitive and social processes involved in building scientific knowl-
edge. For our discussion, we draw primarily from the past 20 years of re-
search in developmental and cognitive psychology that investigates how
children’s scientific thinking develops across the K-8 years.

We begin by developing a broad sketch of how key aspects of scientific
thinking develop across the K-8 years, contrasting children’s abilities with
those of adults. This contrast allows us to illustrate both how children’s knowl-
edge and skill can develop over time and situations in which adults’ and
children’s scientific thinking are similar. Where age differences exist, we com-
ment on what underlying mechanisms might be responsible for them. In this
research literature, two broad themes emerge, which we take up in detail in
subsequent sections of the chapter. The first is the role of prior knowledge in
scientific thinking at all ages. The second is the importance of experience and
instruction.

Scientific investigation, broadly defined, includes numerous procedural
and conceptual activities, such as asking questions, hypothesizing, design-
ing experiments, making predictions, using apparatus, observing, measur-
ing, being concerned with accuracy, precision, and error, recording and
interpreting data, consulting data records, evaluating evidence, verification,
reacting to contradictions or anomalous data, presenting and assessing argu-
ments, constructing explanations (to oneself and others), constructing vari-
ous representations of the data (graphs, maps, three-dimensional models),
coordinating theory and evidence, performing statistical calculations, mak-
ing inferences, and formulating and revising theories or models (e.g., Carey
et al., 1989; Chi et al., 1994; Chinn and Malhotra, 2001; Keys, 1994; McNay
and Melville, 1993; Schauble et al., 1995; Slowiaczek et al., 1992; Zachos et
al., 2000). As noted in Chapter 2, over the past 20 to 30 years, the image of
“doing science” emerging from across multiple lines of research has shifted
from depictions of lone scientists conducting experiments in isolated labora-
tories to the image of science as both an individual and a deeply social
enterprise that involves problem solving and the building and testing of
models and theories.

Across this same period, the psychological study of science has evolved
from a focus on scientific reasoning as a highly developed form of logical
thinking that cuts across scientific domains to the study of scientific thinking
as the interplay of general reasoning strategies, knowledge of the natural
phenomena being studied, and a sense of how scientific evidence and ex-
planations are generated. Much early research on scientific thinking and
inquiry tended to focus primarily either on conceptual development or on
the development of reasoning strategies and processes, often using very
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simplified reasoning tasks. In contrast, many recent studies have attempted
to describe a larger number of the complex processes that are deployed in
the context of scientific inquiry and to describe their coordination. These
studies often engage children in firsthand investigations in which they ac-
tively explore multivariable systems. In such tasks, participants initiate all
phases of scientific discovery with varying amounts of guidance provided by
the researcher. These studies have revealed that, in the context of inquiry,
reasoning processes and conceptual knowledge are interdependent and in
fact facilitate each other (Schauble, 1996; Lehrer et al. 2001).

It is important to note that, across the studies reviewed in this chapter,
researchers have made different assumptions about what scientific reason-
ing entails and which aspects of scientific practice are most important to
study. For example, some emphasize the design of well-controlled experi-
ments, while others emphasize building and critiquing models of natural
phenomena. In addition, some researchers study scientific reasoning in
stripped down, laboratory-based tasks, while others examine how children
approach complex inquiry tasks in the context of the classroom. As a result,
the research base is difficult to integrate and does not offer a complete
picture of students’ skills and knowledge related to generating and evaluat-
ing evidence and explanations. Nor does the underlying view of scientific
practice guiding much of the research fully reflect the image of science and
scientific understanding we developed in Chapter 2.

TRENDS ACROSS THE K-8 YEARS

Generating Evidence

The evidence-gathering phase of inquiry includes designing the investi-
gation as well as carrying out the steps required to collect the data. Generat-
ing evidence entails asking questions, deciding what to measure, develop-
ing measures, collecting data from the measures, structuring the data,
systematically documenting outcomes of the investigations, interpreting and
evaluating the data, and using the empirical results to develop and refine
arguments, models, and theories.

Asking Questions and Formulating Hypotheses

Asking questions and formulating hypotheses is often seen as the first
step in the scientific method; however, it can better be viewed as one of
several phases in an iterative cycle of investigation. In an exploratory study,
for example, work might start with structured observation of the natural
world, which would lead to formulation of specific questions and hypoth-
eses. Further data might then be collected, which lead to new questions,
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revised hypotheses, and yet another round of data collection. The phase of
asking questions also includes formulating the goals of the activity and gen-
erating hypotheses and predictions (Kuhn, 2002).

Children differ from adults in their strategies for formulating hypotheses
and in the appropriateness of the hypotheses they generate. Children often
propose different hypotheses from adults (Klahr, 2000), and younger chil-
dren (age 10) often conduct experiments without explicit hypotheses, un-
like 12- to 14-year-olds (Penner and Klahr, 1996a). In self-directed experi-
mental tasks, children tend to focus on plausible hypotheses and often get
stuck focusing on a single hypothesis (e.g., Klahr, Fay, and Dunbar, 1993).
Adults are more likely to consider multiple hypotheses (e.g., Dunbar and
Klahr, 1989; Klahr, Fay, and Dunbar, 1993). For both children and adults, the
ability to consider many alternative hypotheses is a factor contributing to
success.

At all ages, prior knowledge of the domain under investigation plays an
important role in the formulation of questions and hypotheses (Echevarria,
2003; Klahr, Fay, and Dunbar, 1993; Penner and Klahr, 1996b; Schauble,
1990, 1996; Zimmerman, Raghavan, and Sartoris, 2003). For example, both
children and adults are more likely to focus initially on variables they be-
lieve to be causal (Kanari and Millar, 2004; Schauble, 1990, 1996). Hypoth-
eses that predict expected results are proposed more frequently than hy-
potheses that predict unexpected results (Echevarria, 2003). The role of prior
knowledge in hypothesis formulation is discussed in greater detail later in
the chapter.

Designing Experiments

The design of experiments has received extensive attention in the re-
search literature, with an emphasis on developmental changes in children’s
ability to build experiments that allow them to identify causal variables. Ex-
perimentation can serve to generate observations in order to induce a hypo-
thesis to account for the pattern of data produced (discovery context) or to
test the tenability of an existing hypothesis under consideration (confirmation/
verification context) (Klahr and Dunbar, 1988). At a minimum, one must rec-
ognize that the process of experimentation involves generating observations
that will serve as evidence that will be related to hypotheses.

Ideally, experimentation should produce evidence or observations that
are interpretable in order to make the process of evidence evaluation un-
complicated. One aspect of experimentation skill is to isolate variables in
such a way as to rule out competing hypotheses. The control of variables is
a basic strategy that allows valid inferences and narrows the number of
possible experiments to consider (Klahr, 2000). Confounded experiments,
those in which variables have not been isolated correctly, yield indetermi-
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nate evidence, thereby making valid inferences and subsequent knowledge
gain difficult, if not impossible.

Early approaches to examining experimentation skills involved mini-
mizing the role of prior knowledge in order to focus on the strategies that
participants used. That is, the goal was to examine the domain-general strat-
egies that apply regardless of the content to which they are applied. For
example, building on the research tradition of Piaget (e.g., Inhelder and
Piaget, 1958), Siegler and Liebert (1975) examined the acquisition of experi-
mental design skills by fifth and eighth graders. The problem involved deter-
mining how to make an electric train run. The train was connected to a set
of four switches, and the children needed to determine the particular on/off
configuration required. The train was in reality controlled by a secret switch,
so that the discovery of the correct solution was postponed until all 16
combinations were generated. In this task, there was no principled reason
why any one of the combinations would be more or less likely, and success
was achieved by systematically testing all combinations of a set of four
switches. Thus the task involved no domain-specific knowledge that would
constrain the hypotheses about which configuration was most likely. A simi-
larly knowledge-lean task was used by Kuhn and Phelps (1982), similar to a
task originally used by Inhelder and Piaget (1958), involving identifying
reaction properties of a set of colorless fluids. Success on the task was de-
pendent on the ability to isolate and control variables in the set of all pos-
sible fluid combinations in order to determine which was causally related to
the outcome. The study extended over several weeks with variations in the
fluids used and the difficulty of the problem.

In both studies, the importance of practice and instructional support
was apparent. Siegler and Liebert’s study included two experimental groups
of children who received different kinds of instructional support. Both groups
were taught about factors, levels, and tree diagrams. One group received
additional, more elaborate support that included practice and help repre-
senting all possible solutions with a tree diagram. For fifth graders, the more
elaborate instructional support improved their performance compared with
a control group that did not receive any support. For eighth graders, both
kinds of instructional support led to improved performance. In the Kuhn
and Phelps task, some students improved over the course of the study,
although an abrupt change from invalid to valid strategies was not common.
Instead, the more typical pattern was one in which valid and invalid strate-
gies coexisted both within and across sessions, with a pattern of gradual
attainment of stable valid strategies by some students (the stabilization point
varied but was typically around weeks 5-7).

Since this early work, researchers have tended to investigate children’s
and adults’ performance on experimental design tasks that are more knowl-
edge rich and less constrained. Results from these studies indicate that, in
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general, adults are more proficient than children at designing informative
experiments. In a study comparing adults with third and sixth graders, adults
were more likely to focus on experiments that would be informative (Klahr,
Fay, and Dunbar, 1993). Similarly, Schauble (1996) found that during the
initial 3 weeks of exploring a domain, children and adults considered about
the same number of possible experiments. However, when they began ex-
perimentation of another domain in the second 3 weeks of the study, adults
considered a greater range of possible experiments. Over the full 6 weeks,
children and adults conducted approximately the same number of experi-
ments. Thus, children were more likely to conduct unintended duplicate or
triplicate experiments, making their experimentation efforts less informative
relative to the adults, who were selecting a broader range of experiments.
Similarly, children are more likely to devote multiple experimental trials to
variables that were already well understood, whereas adults move on to
exploring variables they did not understand as well (Klahr, Fay, and Dunbar,
1993; Schauble, 1996). Evidence also indicates, however, that dimensions of
the task often have a greater influence on performance than age (Linn, 1978,
1980; Linn, Chen, and Their, 1977; Linn and Levine, 1978).

With respect to attending to one feature at a time, children are less likely
to control one variable at a time than adults. For example, Schauble (1996)
found that across two task domains, children used controlled comparisons
about a third of the time. In contrast, adults improved from 50 percent usage
on the first task to 63 percent on the second task. Children usually begin by
designing confounded experiments (often as a means to produce a desired
outcome), but with repeated practice begin to use a strategy of changing
one variable at time (e.g., Kuhn, Schauble, and Garcia-Mila, 1992; Kuhn et
al. 1995; Schauble, 1990).

Reminiscent of the results of the earlier study by Kuhn and Phelps, both
children and adults display intraindividual variability in strategy usage. That is,
multiple strategy usage is not unique to childhood or periods of developmen-
tal transition (Kuhn et al., 1995). A robust finding is the coexistence of valid
and invalid strategies (e.g., Kuhn, Schuable, and Garcia-Mila, 1992; Garcia-
Mila and Andersen, 2005; Gleason and Schauble, 2000; Schauble, 1990; Siegler
and Crowley, 1991; Siegler and Shipley, 1995). That is, participants may progress
to the use of a valid strategy, but then return to an inefficient or invalid strat-
egy. Similar use of multiple strategies has been found in research on the
development of other academic skills, such as mathematics (e.g., Bisanz and
LeFevre, 1990; Siegler and Crowley, 1991), reading (e.g., Perfetti, 1992), and
spelling (e.g., Varnhagen, 1995). With respect to experimentation strategies,
an individual may begin with an invalid strategy, but once the usefulness of
changing one variable at a time is discovered, it is not immediately used
exclusively. The newly discovered, effective strategy is only slowly incorpo-
rated into an individual’s set of strategies.
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An individual’s perception of the goals of an investigation also has an
important effect on the hypotheses they generate and their approach to
experimentation. Individuals tend to differ in whether they see the overarching
goal of an inquiry task as seeking to identify which factors make a difference
(scientific) or seeking to produce a desired effect (engineering). It is a ques-
tion for further research if these different approaches characterize an indi-
vidual, or if they are invoked by task demand or implicit assumptions.

In a direct exploration of the effect of adopting scientific versus engi-
neering goals, Schauble, Klopfer, and Raghavan (1991) provided fifth and
sixth graders with an “engineering context” and a “science context.” When
the children were working as scientists, their goal was to determine which
factors made a difference and which ones did not. When the children were
working as engineers, their goal was optimization, that is, to produce a
desired effect (i.e., the fastest boat in the canal task). When working in the
science context, the children worked more systematically, by establishing
the effect of each variable, alone and in combination. There was an effort to
make inclusion inferences (i.e., an inference that a factor is causal) and
exclusion inferences (i.e., an inference that a factor is not causal). In the
engineering context, children selected highly contrastive combinations and
focused on factors believed to be causal while overlooking factors believed
or demonstrated to be noncausal. Typically, children took a “try-and-see”
approach to experimentation while acting as engineers, but they took a
theory-driven approach to experimentation when acting as scientists. Schauble
et al. (1991) found that children who received the engineering instructions
first, followed by the scientist instructions, made the greatest improvements.
Similarly, Sneider et al. (1984) found that students’ ability to plan and cri-
tique experiments improved when they first engaged in an engineering task
of designing rockets.

Another pair of contrasting approaches to scientific investigation is the
theorist versus the experimentalist (Klahr and Dunbar, 1998; Schauble, 1990).
Similar variation in strategies for problem solving have been observed for
chess, puzzles, physics problems, science reasoning, and even elementary
arithmetic (Chase and Simon, 1973; Klahr and Robinson, 1981; Klayman and
Ha, 1989; Kuhn et al., 1995; Larkin et al., 1980; Lovett and Anderson, 1995,
1996; Simon, 1975; Siegler, 1987; Siegler and Jenkins, 1989). Individuals who
take a theory-driven approach tend to generate hypotheses and then test the
predictions of the hypotheses. Experimenters tend to make data-driven dis-
coveries, by generating data and finding the hypothesis that best summa-
rizes or explains that data. For example, Penner and Klahr (1996a) asked 10-
to 14-year-olds to conduct experiments to determine how the shape, size,
material, and weight of an object influence sinking times. Students” approaches
to the task could be classified as either “prediction oriented” (i.e., a theorist:
“I believe that weight makes a difference) or “hypothesis oriented” (i.e., an
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experimenter: “I wonder if . . .”). The 10-year-olds were more likely to take
a prediction (or demonstration) approach, whereas the 14-year-olds were
more likely to explicitly test a hypothesis about an attribute without a strong
belief or need to demonstrate that belief. Although these patterns may char-
acterize approaches to any given task, it has yet to be determined if such
styles are idiosyncratic to the individual and likely to remain stable across
varying tasks, or if different styles might emerge for the same person de-
pending on task demands or the domain under investigation.

Observing and Recording

Record keeping is an important component of scientific investigation in
general, and of self-directed experimental tasks especially, because access
to and consulting of cumulative records are often important in interpreting
evidence. Early studies of experimentation demonstrated that children are
often not aware of their own memory limitations, and this plays a role in
whether they document their work during an investigation (e.g., Siegler and
Liebert, 1975). Recent studies corroborate the importance of an awareness of
one’s own memory limitations while engaged in scientific inquiry tasks, re-
gardless of age. Spontaneous note-taking or other documentation of experi-
mental designs and results may be a factor contributing to the observed
developmental differences in performance on both experimental design tasks
and in evaluation of evidence. Carey et al. (1989) reported that, prior to
instruction, seventh graders did not spontaneously keep records when try-
ing to determine and keep track of which substance was responsible for
producing a bubbling reaction in a mixture of yeast, flour, sugar, salt, and
warm water. Nevertheless, even though preschoolers are likely to produce
inadequate and uninformative notations, they can distinguish between the
two when asked to choose between them (Triona and Klahr, in press). Dunbar
and Klahr (1988) also noted that children (grades 3-6) were unlikely to check
if a current hypothesis was or was not consistent with previous experimental
results. In a study by Trafton and Trickett (2001), undergraduates solving
scientific reasoning problems in a computer environment were more likely
to achieve correct performance when using the notebook function (78 per-
cent) than were nonusers (49 percent), showing that this issue is not unique
to childhood.

In a study of fourth graders’ and adults’ spontaneous use of notebooks
during a 10-week investigation of multivariable systems, all but one of the
adults took notes, whereas only half of the children took notes. Moreover,
despite variability in the amount of notebook usage in both groups, on
average adults made three times more notebook entries than children did.
Adults’ note-taking remained stable across the 10 weeks, but children’s fre-
quency of use decreased over time, dropping to about half of their initial
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usage. Children rarely reviewed their notes, which typically consisted of
conclusions, but not the variables used or the outcomes of the experimental
tests (i.e., the evidence for the conclusion was not recorded) (Garcia-Mila
and Andersen, 2005).

Children may differentially record the results of experiments, depending
on familiarity or strength of prior theories. For example, 10- to 14-year-olds
recorded more data points when experimenting with factors affecting force
produced by the weight and surface area of boxes than when they were
experimenting with pendulums (Kanari and Millar, 2004). Overall, it is a
fairly robust finding that children are less likely than adults to record experi-
mental designs and outcomes or to review what notes they do keep, despite
task demands that clearly necessitate a reliance on external memory aids.

Given the increasing attention to the importance of metacognition for
proficient performance on such tasks (e.g., Kuhn and Pearsall, 1998, 2000),
it is important to determine at what point children and early adolescents
recognize their own memory limitations as they navigate through a complex
task. Some studies show that children’s understanding of how their own
memories work continues to develop across the elementary and middle
school grades (Siegler and Alibali, 2005). The implication is that there is no
particular age or grade level when memory and limited understanding of
one’s own memory are no longer a consideration. As such, knowledge of
how one’s own memory works may represent an important moderating vari-
able in understanding the development of scientific reasoning (Kuhn, 2001).
For example, if a student is aware that it will be difficult for her to remember
the results of multiple trials, she may be more likely to carefully record each
outcome. However, it may also be the case that children, like adult scientists,
need to be inducted into the practice of record keeping and the use of
records. They are likely to need support to understand the important role of
records in generating scientific evidence and supporting scientific arguments.

Evaluating Evidence

The important role of evidence evaluation in the process of scientific
activity has long been recognized. Kuhn (1989), for example, has argued
that the defining feature of scientific thinking is the set of skills involved in
differentiating and coordinating theory and evidence. Various strands of re-
search provide insight on how children learn to engage in this phase of
scientific inquiry. There is an extensive literature on the evaluation of evi-
dence, beginning with early research on identifying patterns of covariation
and cause that used highly structured experimental tasks. More recently
researchers have studied how children evaluate evidence in the context of
self-directed experimental tasks. In real-world contexts (in contrast to highly
controlled laboratory tasks) the process of evidence evaluation is very messy
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and requires an understanding of error and variation. As was the case for
hypothesis generation and the design of experiments, the role of prior knowl-
edge and beliefs has emerged as an important influence on how individuals
evaluate evidence.

Covariation Evidence

A number of early studies on the development of evidence evaluation
skills used knowledge-lean tasks that asked participants to evaluate existing
data. These data were typically in the form of covariation evidence—that is,
the frequency with which two events do or do not occur together. Evalua-
tion of covariation evidence is potentially important in regard to scientific
thinking because covariation is one potential cue that two events are caus-
ally related. Deanna Kuhn and her colleagues carried out pioneering work
on children’s and adults’ evaluation of covariation evidence, with a focus on
how participants coordinate their prior beliefs about the phenomenon with
the data presented to them (see Box 5-1).

Results across a series of studies revealed continuous improvement of
the skills involved in differentiating and coordinating theory and evidence,
as well as bracketing prior belief while evaluating evidence, from middle
childhood (grades 3 and 6) to adolescence (grade 9) to adulthood (Kuhn,
Amsel, and O’Loughlin, 1988). These skills, however, did not appear to de-
velop to an optimal level even among adults. Even adults had a tendency to
meld theory and evidence into a single mental representation of “the way
things are.”

Participants had a variety of strategies for keeping theory and evidence
in alignment with one another when they were in fact discrepant. One ten-
dency was to ignore, distort, or selectively attend to evidence that was in-
consistent with a favored theory. For example, the protocol from one ninth
grader demonstrated that upon repeated instances of covariation between
type of breakfast roll and catching colds, he would not acknowledge this
relationship: “They just taste different . . . the breakfast roll to me don’t cause
so much colds because they have pretty much the same thing inside” (Kuhn,
Amsel, and O’Loughlin, 1998, p. 73).

Another tendency was to adjust a theory to fit the evidence, a process
that was most often outside an individual’s conscious awareness and con-
trol. For example, when asked to recall their original beliefs, participants
would often report a theory consistent with the evidence that was presented,
and not the theory as originally stated. Take the case of one ninth grader
who did not believe that type of condiment (mustard versus ketchup) was
causally related to catching colds. With each presentation of an instance of
covariation evidence, he acknowledged the evidence and elaborated a theory
based on the amount of ingredients or vitamins and the temperature of the
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Box5-1 Evaluation of Covariation Evidence

Kuhn and her colleagues used simple, everyday contexts, rather than phe-
nomena from specific scientific disciplines. In an initial theory interview, partici-
pants’ beliefs about the causal status of various variables were ascertained. For
example, sixth and ninth graders were questioned about their beliefs concerning
the types of foods that make a difference in whether a person caught a cold (35
foods in total). Four variables were selected on the basis of ratings from the initial
theory interview: two factors that the participant believed make a difference in
catching colds (e.g., type of fruit, type of cereal) and two factors the participant
believed do not make a difference (e.g., type of potato, type of condiment). This
procedure allowed the evidence to be manipulated so that covariation evidence
could be presented that confirmed one existing causal theory and one noncausal
theory. Likewise, noncovariation evidence was presented that disconfirmed one
previously held causal theory and one noncausal theory. The specific manipula-
tions were therefore tailored for each person in the study.

Participants then evaluated patterns of covariation data and answered a se-
ries of questions about what the evidence showed for each of the four variables.
Responses were coded as evidence based when they referred to the patterns of
covariation or instances of data presented (e.g., if shown a pattern in which type of
cake covaried with getting colds, a participant who noted that the sick children ate
chocolate cake and the healthy ones ate carrot cake would be coded as having
made an evidence-based response). Responses were coded as theory based when
they referred to the participant’s prior beliefs or theories (e.g., a response that
chocolate cake has “sugar and a lot of bad stuff in it” or that “less sugar means
your blood pressure doesn’t go up”).

food the condiment was served with to make sense of the data (Kuhn,
Amsel, and O’Loughlin, 1988, p. 83). Kuhn argued that this tendency sug-
gests that the student’s theory does not exist as an object of cognition. That
is, a theory and the evidence for that theory are undifferentiated—they do
not exist as separate cognitive entities. If they do not exist as separate enti-
ties, it is not possible to flexibly and consciously reflect on the relation of
one to the other.

A number of researchers have criticized Kuhn’s findings on both meth-
odological and theoretical grounds. Sodian, Zaitchik, and Carey (1991), for
example, questioned the finding that third and sixth grade children cannot
distinguish between their beliefs and the evidence, pointing to the complex-
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ity of the tasks Kuhn used as problematic. They chose to employ simpler
tasks that involved story problems about phenomena for which children did
not hold strong beliefs. Children’s performance on these tasks demonstrated
that even first and second graders could differentiate a hypothesis from the
evidence. Likewise, Ruffman et al. (1993) used a simplified task and showed
that 6-year-olds were able to form a causal hypothesis based on a pattern of
covariation evidence. A study of children and adults (Amsel and Brock,
1996) indicated an important role of prior beliefs, especially for children.
When presented with evidence that disconfirmed prior beliefs, children from
both grade levels tended to make causal judgments consistent with their
prior beliefs. When confronted with confirming evidence, however, both
groups of children and adults made similar judgments. Looking across these
studies provides insight into the conditions under which children are more
or less proficient at coordinating theory and evidence. In some situations,
children are better at distinguishing prior beliefs from evidence than the
results of Kuhn et al. suggest.

Koslowksi (1996) criticized Kuhn et al.’s work on more theoretical
grounds. She argued that reliance on knowledge-lean tasks in which partici-
pants are asked to suppress their prior knowledge may lead to an incom-
plete or distorted picture of the reasoning abilities of children and adults.
Instead, Koslowski suggested that using prior knowledge when gathering
and evaluating evidence is a valid strategy. She developed a series of experi-
ments to support her thesis and to explore the ways in which prior knowl-
edge might play a role in evaluating evidence. The results of these investiga-
tions are described in detail in the later section of this chapter on the role of
prior knowledge.

Evidence in the Context of Investigations

Researchers have also looked at reasoning about cause in the context of
full investigations of causal systems. Two main types of multivariable sys-
tems are used in these studies. In the first type of system, participants are
involved in a hands-on manipulation of a physical system, such as a ramp
(e.g., Chen and Klahr, 1999; Masnick and Klahr, 2003) or a canal (e.g., Gleason
and Schauble, 2000; Kuhn, Schauble, and Garcia-Mila, 1992). The second
type of system is a computer simulation, such as the Daytona microworld in
which participants discover the factors affecting the speed of race cars
(Schauble, 1990). A variety of virtual environments have been created in
domains such as electric circuits (Schauble et al., 1992), genetics (Echevarria,
2003), earthquake risk, and flooding risk (e.g., Keselman, 2003).

The inferences that are made based on self-generated experimental evi-
dence are typically classified as either causal (or inclusion), noncausal (or
exclusion), indeterminate, or false inclusion. All inference types can be fur-
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ther classified as valid or invalid. Invalid inclusion, by definition, is of par-
ticular interest because in self-directed experimental contexts, both children
and adults often infer based on prior beliefs that a variable is causal, when in
reality it is not.

Children tend to focus on making causal inferences during their initial
explorations of a causal system. In a study in which children worked to
discover the causal structure of a computerized microworld, fifth and sixth
graders began by producing confounded experiments and relied on prior
knowledge or expectations (Schauble, 1990). As a result, in their early ex-
plorations of the causal system, they were more likely to make incorrect
causal inferences. In a direct comparison of adults and children (Schauble,
1996), adults also focused on making causal inferences, but they made more
valid inferences because their experimentation was more often done using a
control-of-variables strategy. Overall, children’s inferences were valid 44
percent of the time, compared with 72 percent for adults. The fifth and sixth
graders improved over the course of six sessions, starting at 25 percent but
improving to almost 60 percent valid inferences (Schauble, 1996). Adults
were more likely than children to make inferences about which variables
were noncausal or inferences of indeterminacy (80 and 30 percent, respec-
tively) (Schauble, 1996).

Children’s difficulty with inferences of noncausality also emerged in a
study of 10- to 14-year-olds who explored factors influencing the swing of a
pendulum or the force needed to pull a box along a level surface (Kanari
and Millar, 2004). Only half of the students were able draw correct conclu-
sions about factors that did not covary with outcome. Students were likely to
either selectively record data, selectively attend to data, distort or reinterpret
the data, or state that noncovariation experimental trials were “inconclu-
sive.” Such tendencies are reminiscent of other findings that some individu-
als selectively attend to or distort data in order to preserve a prior theory or
belief (Kuhn, Amsel, and O’Loughlin, 1988; Zimmerman, Raghavan, and
Sartoris, 2003).

Some researchers suggest children’s difficulty with noncausal or indeter-
minate inferences may be due both to experience and to the inherent com-
plexity of the problem. In terms of experience, in the science classroom it is
typical to focus on variables that “make a difference,” and therefore students
struggle when testing variables that do not covary with the outcome (e.g.,
the weight of a pendulum does not affect the time of swing or the vertical
height of a weight does not affect balance) (Kanari and Millar, 2004). Also,
valid exclusion and indeterminacy inferences may be conceptually more
complex, because they require one to consider a pattern of evidence pro-
duced from several experimental trials (Kuhn et al., 1995; Schauble, 1996).
Looking across several trials may require one to review cumulative records
of previous outcomes. As has been suggested previously, children do not

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

142

TakiNG SciENCE To ScHooL

often have the memory skills to either record information, record sufficient
information, or consult such information when it has been recorded.

The importance of experience is highlighted by the results of studies
conducted over several weeks with fifth and sixth graders. After several
weeks with a task, children started making more exclusion inferences (that
factors are not causal) and indeterminacy inferences (that one cannot make
a conclusive judgment about a confounded comparison) and did not focus
solely on causal inferences (e.g., Keselman, 2003; Schauble, 1996). They
also began to distinguish between an informative and an uninformative ex-
periment by attending to or controlling other factors leading to an improved
ability to make valid inferences. Through repeated exposure, invalid infer-
ences, such as invalid inclusions, dropped in frequency. The tendency to
begin to make inferences of indeterminacy suggests that students developed
more awareness of the adequacy or inadequacy of their experimentation
strategies for generating sufficient and interpretable evidence.

Children and adults also differ in generating sufficient evidence to sup-
port inferences. In contexts in which it is possible, children often terminate
their search early, believing that they have determined a solution to the
problem (e.g., Dunbar and Klahr, 1989). In studies over several weeks in
which children must continue their investigation (e.g., Schauble et al., 1991),
this is less likely because of the task requirements. Children are also more
likely to refer to the most recently generated evidence. They may jump to a
conclusion after a single experiment, whereas adults typically need to see
the results of several experiments (e.g., Gleason and Schauble, 2000).

As was found with experimentation, children and adults display
intraindividual variability in strategy usage with respect to inference types.
Likewise, the existence of multiple inference strategies is not unique to child-
hood (Kuhn et al., 1995). In general, early in an investigation, individuals
focus primarily on identifying factors that are causal and are less likely to
consider definitely ruling out factors that are not causal. However, a mix of
valid and invalid inference strategies co-occur during the course of explor-
ing a causal system. As with experimentation, the addition of a valid infer-
ence strategy to an individual’s repertoire does not mean that they immedi-
ately give up the others. Early in investigations, there is a focus on causal
hypotheses and inferences, whether they are warranted or not. Only with
additional exposure do children start to make inferences of noncausality and
indeterminacy. Knowledge change and experience—gaining a better under-
standing of the causal system via experimentation—was associated with the
use of valid experimentation and inference strategies.

THE ROLE OF PRIOR KNOWLEDGE

In the previous section we reviewed evidence on developmental differ-
ences in using scientific strategies. Across multiple studies, prior knowledge
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emerged as an important influence on several parts of the process of gener-
ating and evaluating evidence. In this section we look more closely at the
specific ways that prior knowledge may shape part of the process. Prior
knowledge includes conceptual knowledge, that is, knowledge of the natu-
ral world and specifically of the domain under investigation, as well as prior
knowledge and beliefs about the purpose of an investigation and the goals
of science more generally. This latter kind of prior knowledge is touched on
here and discussed in greater detail in the next chapter.

Beliefs About Causal Mechanism and Plausibility

In response to research on evaluation of covariation evidence that used
knowledge-lean tasks or even required participants to suppress prior knowl-
edge, Koslowski (1996) argued that it is legitimate and even helpful to con-
sider prior knowledge when gathering and evaluating evidence. The world
is full of correlations, and consideration of plausibility, causal mechanism,
and alternative causes can help to determine which correlations between
events should be taken seriously and which should be viewed as spurious.
For example, the identification of the E. coli bacterium allows a causal rela-
tionship between hamburger consumption and certain types of illness or
mortality. Because of the absence of a causal mechanism, one does not
consider seriously the correlation between ice cream consumption and vio-
lent crime rate as causal, but one looks for other covarying quantities (such
as high temperatures) that may be causal for both behaviors and thus ex-
plain the correlation.

Koslowski (1996) presented a series of experiments that demonstrate
the interdependence of theory and evidence in legitimate scientific reason-
ing (see Box 5-2 for an example). In most of these studies, all participants
(sixth graders, ninth graders, and adults) did take mechanism into consider-
ation when evaluating evidence in relation to a hypothesis about a causal
relationship. Even sixth graders considered more than patterns of covariation
when making causal judgments (Koslowksi and Okagaki, 1986; Koslowski
et al., 1989). In fact, as discussed in the previous chapter, results of studies
by Koslowski (1996) and others (Ahn et al., 1995) indicate that children and
adults have naive theories about the world that incorporate information about
both covariation and causal mechanism.

The plausibility of a mechanism also plays a role in reasoning about
cause. In some situations, scientific progress occurs by taking seemingly
implausible correlations seriously (Wolpert, 1993). Similarly, Koslowski ar-
gued that if people rely on covariation and mechanism information in an
interdependent and judicious manner, then they should pay attention to
implausible correlations (i.e., those with no apparent mechanism) when the
implausible correlation occurs repeatedly. For example, discovering the cause
of Kawasaki’s syndrome depended on taking seriously the implausible cor-
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Box5-2 The Interdependence of Theory and Evidence in Scientific
Reasoning

In studies conducted by Koslowski and her colleagues, participants were given
problem situations in which a story character is trying to determine if some target
factor (e.g., a gasoline additive) is causally related to an effect (e.g., improved gas
mileage). They were then shown either perfect covariation between the target
factor and the effect or partial covariation (4 of 6 instances). Perfect correlation
was rated as more likely to indicate causation than partial correlation. Participants
were then told that a number of plausible mechanisms had been ruled out (e.g.,
the additive does not burn more efficiently, the additive does not burn more cleanly).
When asked to rate again how likely it was that the additive is causally responsible
for improved gas mileage, the ratings for both perfect and partial covariation were
lower for all age groups.

Koslowski also tried to determine if participants would spontaneously gener-
ate information about causal mechanisms when it was not cued by the task. Chil-
dren and adults were presented with story problems in which a character is trying
to answer a question about, for example, whether parents staying in the hospital
with them improves the recovery rate of their children. Participants were asked to
describe whatever type of information might be useful for solving the problem.
Half of the participants were told that experimental intervention (that is, parents
and children could not be assigned to particular groups) was not possible, while
the other half were not restricted in this manner. Almost all participants showed
some concern for a causal mechanism, including expectations about how the tar-
get mechanism would operate. Although the sixth graders were less likely to gen-
erate a variety of alternative hypotheses, all age groups proposed appropriate con-
trastive tests.

relation between the illness and having recently cleaned carpets. Similarly,
Thagard (1998a, 1998b) describes the case of researchers Warren and Marshall,
who proposed that peptic ulcers could be caused by a bacterium, and their
efforts to have their theory accepted by the medical community. The bacte-
rial theory of ulcers was initially rejected as implausible, given the assump-
tion that the stomach is too acidic to allow bacteria to survive.

Studies with both children and adults reveal links between reasoning
about mechanism and the plausibility of that mechanism (Koslowski, 1996).
When presented with an implausible covariation (e.g., improved gas mile-
age and color of car), participants rated the causal status of the implausible
cause (color) before and after learning about a possible way that the cause
could bring about the effect (improved gas mileage). In this example, par-
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ticipants learned that the color of the car affects the driver’s alertness (which
affects driving quality, which in turn affects gas mileage). At all ages, partici-
pants increased their causal ratings after learning about a possible mediating
mechanism. The presence of a possible mechanism in addition to a large
number of covariations (four or more) was taken to indicate the possibility
of a causal relationship for both plausible and implausible covariations. When
either generating or assessing mechanisms for plausible covariations, all age
groups (sixth and ninth graders and adults) were comparable. When the
covariation was implausible, sixth graders were more likely to generate du-
bious mechanisms to account for the correlation.

The role of prior knowledge, especially beliefs about causal mechanism
and plausibility, is also evident in hypothesis formation and the design of
investigations. Individuals’ prior beliefs influence the choice of which hy-
potheses to test, including which hypotheses are tested first, repeatedly, or
receive the most time and attention (e.g., Echevarria, 2003; Klahr, Fay, and
Dunbar, 1993; Penner and Klahr, 1996b; Schauble, 1990, 1996; Zimmerman,
Raghavan, and Sartoris, 2003). For example, children’s favored theories some-
times result in the selection of invalid experimentation and evidence evalu-
ation heuristics (e.g., Dunbar and Klahr, 1989; Schauble, 1990). Plausibility
of a hypothesis may serve as a guide for which experiments to pursue.
Klahr, Fay, and Dunbar (1993) provided third and sixth grade children and
adults with hypotheses to test that were incorrect but either plausible or
implausible. For plausible hypotheses, children and adults tended to go
about demonstrating the correctness of the hypothesis rather than setting up
experiments to decide between rival hypotheses. For implausible hypoth-
eses, adults and some sixth graders proposed a plausible rival hypothesis
and set up an experiment that would discriminate between the two. Third
graders tended to propose a plausible hypothesis but then ignore or forget
the initial implausible hypothesis, getting sidetracked in an attempt to dem-
onstrate that the plausible hypothesis was correct.

Recognizing the interdependence of theory and data in the evaluation
of evidence and explanations, Chinn and Brewer (2001) proposed that people
evaluate evidence by building a mental model of the interrelationships be-
tween theories and data. These models integrate patterns of data, proce-
dural details, and the theoretical explanation of the observed findings (which
may include unobservable mechanisms, such as molecules, electrons, en-
zymes, or intentions and desires). The information and events can be linked
by different kinds of connections, including causal, contrastive, analogical,
and inductive links. The mental model may then be evaluated by consider-
ing the plausibility of these links. In addition to considering the links be-
tween, for example, data and theory, the model might also be evaluated by
appealing to alternate causal mechanisms or alternate explanations. Essen-
tially, an individual seeks to “undermine one or more of the links in the
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model” (p. 337). If no reasons to be critical can be identified, the individual
may accept the new evidence or theoretical interpretation.

Some studies suggest that the strength of prior beliefs, as well as the
personal relevance of those beliefs, may influence the evaluation of the
mental model (Chinn and Malhotra, 2002; Klaczynski, 2000; Klaczynski and
Narasimham, 1998). For example, when individuals have reason to disbe-
lieve evidence (e.g., because it is inconsistent with prior belief), they will
search harder for flaws in the data (Kunda, 1990). As a result, individuals
may not find the evidence compelling enough to reassess their cognitive
model. In contrast, beliefs about simple empirical regularities may not be
held with such conviction (e.g., the falling speed of heavy versus light ob-
jects), making it easier to change a belief in response to evidence.

Evaluating Evidence That Contradicts Prior Beliefs

Anomalous data or evidence refers to results that do not fit with one’s
current beliefs. Anomalous data are considered very important by scientists
because of their role in theory change, and they have been used by science
educators to promote conceptual change. The idea that anomalous evidence
promotes conceptual change (in the scientist or the student) rests on a num-
ber of assumptions, including that individuals have beliefs or theories about
natural or social phenomena, that they are capable of noticing that some
evidence is inconsistent with those theories, that such evidence calls into
question those theories, and, in some cases, that a belief or theory will be
altered or changed in response to the new (anomalous) evidence (Chinn
and Brewer, 1998). Chinn and Brewer propose that there are eight possible
responses to anomalous data. Individuals can (1) ignore the data; (2) reject
the data (e.g., because of methodological error, measurement error, bias);
(3) acknowledge uncertainty about the validity of the data; (4) exclude the
data as being irrelevant to the current theory; (5) hold the data in abeyance
(i.e., withhold a judgment about the relation of the data to the initial theory);
(6) reinterpret the data as consistent with the initial theory; (7) accept the
data and make peripheral change or minor modification to the theory; or (8)
accept the data and change the theory. Examples of all of these responses
were found in undergraduates’ responses to data that contradicted theories
to explain the mass extinction of dinosaurs and theories about whether
dinosaurs were warm-blooded or cold-blooded.

In a series of studies, Chinn and Malhotra (2002) examined how fourth,
fifth, and sixth graders responded to experimental data that were inconsis-
tent with their existing beliefs. Experiments from physical science domains
were selected in which the outcomes produced either ambiguous or unam-
biguous data, and for which the findings were counterintuitive for most
children. For example, most children assume that a heavy object falls faster
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than a light object. When the two objects are dropped simultaneously, there
is some ambiguity because it is difficult to observe both objects. An example
of a topic that is counterintuitive but results in unambiguous evidence is the
reaction temperature of baking soda added to vinegar. Children believe that
either no change in temperature will occur, or that the fizzing causes an
increase in temperature. Thermometers unambiguously show a temperature
drop of about 4 degrees centigrade.

When examining the anomalous evidence produced by these experi-
ments, children’s difficulties seemed to occur in one of four cognitive pro-
cesses: observation, interpretation, generalization, or retention (Chinn and
Malhotra, 2002). For example, prior belief may influence what is “observed,”
especially in the case of data that are ambiguous, and children may not
perceive the two objects as landing simultaneously. Inferences based on this
faulty observation will then be incorrect. At the level of interpretation, even
if individuals accurately observed the outcome, they might not shift their
theory to align with the evidence. They can fail to do so in many ways, such
as ignoring or distorting the data or discounting the data because they are
considered flawed. At the level of generalization, an individual may accept,
for example, that these particular heavy and light objects fell at the same rate
but insist that the same rule may not hold for other situations or objects.
Finally, even when children appeared to change their beliefs about an ob-
served phenomenon in the immediate context of the experiment, their prior
beliefs reemerged later, indicating a lack of long-term retention of the change.

Penner and Klahr (1996a) investigated the extent to which children’s
prior beliefs affect their ability to design and interpret experiments. They
used a domain in which most children hold a strong belief that heavier
objects sink in fluid faster than light objects, and they examined children’s
ability to design unconfounded experiments to test that belief. In this study,
for objects of a given composition and shape, sink times for heavy and light
objects are nearly indistinguishable to an observer. For example, the sink
times for the stainless steel spheres weighing 65 gm and 19 gm were .58 sec
and .62 sec, respectively. Only one of the eight children (out of 30) who
chose to directly contrast these two objects continued to explore the reason
for the unexpected finding that the large and small spheres had equivalent
sink times. The process of knowledge change was not straightforward. For
example, some children suggested that the size of the smaller steel ball
offset the fact that it weighed less because it was able to move through the
water as fast as the larger, heavier steel ball. Others concluded that both
weight and shape make a difference. That is, there was an attempt to recon-
cile the evidence with prior knowledge and expectations by appealing to
causal mechanisms, alternate causes, or enabling conditions.

What is also important to note about the children in the Penner and
Klahr study is that they did in fact notice the surprising finding, rather than
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ignore or misrepresent the data. They tried to make sense of the outcome by
acting as a theorist who conjectures about the causal mechanisms, boundary
conditions, or other ad hoc explanations (e.g., shape) to account for the
results of an experiment. In Chinn and Malhotra’s (2002) study of students’
evaluation of observed evidence (e.g., watching two objects fall simulta-
neously), the process of noticing was found to be an important mediator of
conceptual change.

Echevarria (2003) examined seventh graders’ reactions to anomalous
data in the domain of genetics and whether they served as a catalyst for
knowledge construction during the course of self-directed experimentation.
Students in the study completed a 3-week unit on genetics that involved
genetics simulation software and observing plant growth. In both the soft-
ware and the plants, students investigated or observed the transmission of
one trait. Anomalies in the data were defined as outcomes that were not
readily explainable on the basis of the appearance of the parents.

In general, the number of hypotheses generated, the number of tests
conducted, and the number of explanations generated were a function of
students’ ability to encounter, notice, and take seriously an anomalous find-
ing. The majority of students (80 percent) developed some explanation for
the pattern of anomalous data. For those who were unable to generate an
explanation, it was suggested that the initial knowledge was insufficient and
therefore could not undergo change as a result of the encounter with “anoma-
lous” evidence. Analogous to case studies in the history of science (e.g.,
Simon, 2001), these students’ ability to notice and explore anomalies was
related to their level of domain-specific knowledge (as suggested by Pasteur’s
oft quoted maxim “serendipity favors the prepared mind”). Surprising find-
ings were associated with an increase in hypotheses and experiments to test
these potential explanations, but without the domain knowledge to “notice,”
anomalies could not be exploited.

There is some evidence that, with instruction, students’ ability to evalu-
ate anomalous data improves (Chinn and Malhotra, 2002). In a study of
fourth, fifth, and sixth graders, one group of students was instructed to pre-
dict the outcomes of three experiments that produce counterintuitive but
unambiguous data (e.g., reaction temperature). A second group answered
questions that were designed to promote unbiased observations and inter-
pretations by reflecting on the data. A third group was provided with an
explanation of what scientists expected to find and why. All students re-
ported their prediction of the outcome, what they observed, and their inter-
pretation of the experiment. They were then tested for generalizations, and
a retention test followed 9-10 days later. Fifth and sixth graders performed
better than did fourth graders. Students who heard an explanation of what
scientists expected to find and why did best. Further analyses suggest that
the explanation-based intervention worked by influencing students’ initial
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predictions. This correct prediction then influenced what was observed. A
correct observation then led to correct interpretations and generalizations,
which resulted in conceptual change that was retained. A similar pattern of
results was found using interventions employing either full or reduced ex-
planations prior to the evaluation of evidence.

Thus, it appears that children were able to change their beliefs on the
basis of anomalous or unexpected evidence, but only when they were ca-
pable of making the correct observations. Difficulty in making observations
was found to be the main cognitive process responsible for impeding con-
ceptual change (i.e., rather than interpretation, generalization, or retention).
Certain interventions, in particular those involving an explanation of what
scientists expected to happen and why, were very effective in mediating
conceptual change when encountering counterintuitive evidence. With par-
ticular scaffolds, children made observations independent of theory, and
they changed their beliefs based on observed evidence.

THE IMPORTANCE OF EXPERIENCE
AND INSTRUCTION

There is increasing evidence that, as in the case of intellectual skills in
general, the development of the component skills of scientific reasoning
“cannot be counted on to routinely develop” (Kuhn and Franklin, 2000, p.
47). That is, young children have many requisite skills needed to engage in
scientific thinking, but there are also ways in which even adults do not show
full proficiency in investigative and inference tasks. Recent research efforts
have therefore been focused on how such skills can be promoted by deter-
mining which types of educational interventions (e.g., amount of structure,
amount of support, emphasis on strategic or metastrategic skills) will con-
tribute most to learning, retention, and transfer, and which types of interven-
tions are best suited to different students. There is a developing picture of
what children are capable of with minimal support, and research is moving
in the direction of ascertaining what children are capable of, and when,
under conditions of practice, instruction, and scaffolding. It may one day be
possible to tailor educational opportunities that neither under- or overesti-
mate children’s ability to extract meaningful experiences from inquiry-based
science classes.

Very few of the early studies focusing on the development of experi-
mentation and evidence evaluation skills explicitly addressed issues of in-
struction and experience. Those that did, however, indicated an important
role of experience and instruction in supporting scientific thinking. For ex-
ample, Siegler and Liebert (1975) incorporated instructional manipulations
aimed at teaching children about variables and variable levels with or with-
out practice on analogous tasks. In the absence of both instruction and
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extended practice, no fifth graders and a small minority of eighth graders
were successful. Kuhn and Phelps (1982) reported that, in the absence of
explicit instruction, extended practice over several weeks was sufficient for
the development and modification of experimentation and inference strat-
egies. Later studies of self-directed experimentation also indicate that fre-
quent engagement with the inquiry environment alone can lead to the de-
velopment and modification of cognitive strategies (e.g., Kuhn, Schauble,
and Garcia-Mila, 1992; Schauble et al., 1991).

Some researchers have suggested that even simple prompts, which are
often used in studies of students’ investigation skills, may provide a subtle
form of instruction intervention (Klahr and Carver, 1995). Such prompts may
cue the strategic requirements of the task, or they may promote explanation
or the type of reflection that could induce a metacognitive or metastrategic
awareness of task demands. Because of their role in many studies of reveal-
ing students’ thinking generation, it may be very difficult to tease apart the
relative contributions of practice from the scaffolding provided by researcher
prompts.

In the absence of instruction or prompts, students may not routinely ask
questions of themselves, such as “What are you going to do next?” “What
outcome do you predict?” “What did you learn?” and “How do you know?”
Questions such as these may promote self-explanation, which has been
shown to enhance understanding in part because it facilitates the integration
of newly learned material with existing knowledge (Chi et al., 1994). Ques-
tions such as the prompts used by researchers may serve to promote such
integration. Chinn and Malhotra (2002) incorporated different kinds of inter-
ventions, aimed at promoting conceptual change in response to anomalous
experimental evidence. Interventions included practice at making predic-
tions, reflecting on data, and explanation. The explanation-based interven-
tions were most successful at promoting conceptual change, retention, and
generalization. The prompts used in some studies of self-directed experi-
mentation are very likely to serve the same function as the prompts used by
Chi et al. (1994). Incorporating such prompts in classroom-based inquiry
activities could serve as a powerful teaching tool, given that the use of self-
explanation in tutoring systems (human and computer interface) has been
shown to be quite effective (e.g., Chi, 1996; Hausmann and Chi, 2002).

Studies that compare the effects of different kinds of instruction and
practice opportunities have been conducted in the laboratory, with some
translation to the classroom. For example, Chen and Klahr (1999) examined
the effects of direct and indirect instruction of the control of variables strat-
egy on students’ (grades 2-4) experimentation and knowledge acquisition.
The instructional intervention involved didactic teaching of the control-of-
variables strategy, along with examples and probes. Indirect (or implicit)
training involved the use of systematic probes during the course of children’s
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experimentation. A control group did not receive instruction or probes. No
group received instruction on domain knowledge for any task used (springs,
ramps, sinking objects). For the students who received instruction, use of
the control-of-variables strategy increased from 34 percent prior to instruc-
tion to 65 percent after, with 61-64 percent usage maintained on transfer
tasks that followed after 1 day and again after 7 months, respectively. No
such gains were evident for the implicit training or control groups.

Instruction about control of variables improved children’s ability to de-
sign informative experiments, which in turn facilitated conceptual change in
a number of domains. They were able to design unconfounded experiments,
which facilitated valid causal and noncausal inferences, resulting in a change
in knowledge about how various multivariable causal systems worked. Sig-
nificant gains in domain knowledge were evident only for the instruction
group. Fourth graders showed better skill retention at long-term assessment
than second or third graders.

The positive impact of instruction on control of variables also appears
to translate to the classroom (Toth, Klahr, and Chen, 2000; Klahr, Chen
and Toth, 2001). Fourth graders who received instruction in the control-of-
variables strategy in their classroom increased their use of the strategy, and
their domain knowledge improved. The percentage of students who were
able to correctly evaluate others’ research increased from 28 to 76 percent.

Instruction also appears to promote longer term use of the control-of-
variables strategy and transfer of the strategy to a new task (Klahr and Nigam,
2004). Third and fourth graders who received instruction were more likely
to master the control-of-variables strategy than students who explored a
multivariable system on their own. Interestingly, although the group that
received instruction performed better overall, a quarter of the students who
explored the system on their own also mastered the strategy. These results
raise questions about the kinds of individual differences that may allow for
some students to benefit from the discovery context, but not others. That is,
which learner traits are associated with the success of different learning
experiences?

Similar effects of experience and instruction have been demonstrated
for improving students’ ability to use evidence from multiple records and
make correct inferences from noncausal variables (Keselman, 2003). In many
cases, students show some improvement when they are given the opportu-
nity for practice, but greater improvement when they receive instruction
(Kuhn and Dean, 2005).

Long-term studies of students’ learning in the classroom with instruc-
tional support and structured experiences over months and years reveal
children’s potential to engage in sophisticated investigations given the ap-
propriate experiences (Metz, 2004; Lehrer and Schauble, 2005). For example,
in one classroom-based study, second and fourth and fifth graders took part
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in a curriculum unit on animal behavior that emphasized domain knowl-
edge, whole-class collaboration, scaffolded instruction, and discussions about
the kinds of questions that can and cannot be answered by observational
records (Metz, 2004). Pairs or triads of students then developed a research
question, designed an experiment, collected and analyzed data, and pre-
sented their findings on a research poster. Such studies have demonstrated
that, with appropriate support, students in grades K-8 and students from a
variety of socioeconomic, cultural, and linguistic backgrounds can be suc-
cessful in generating and evaluating scientific evidence and explanations
(Kuhn and Dean, 2005; Lehrer and Schauble, 2005; Metz, 2004; Warren,
Rosebery, and Conant, 1994).

KNOWLEDGE AND SKILL IN MODELING

The picture that emerges from developmental and cognitive research on
scientific thinking is one of a complex intertwining of knowledge of the
natural world, general reasoning processes, and an understanding of how
scientific knowledge is generated and evaluated. Science and scientific thinking
are not only about logical thinking or conducting carefully controlled ex-
periments. Instead, building knowledge in science is a complex process of
building and testing models and theories, in which knowledge of the natural
world and strategies for generating and evaluating evidence are closely in-
tertwined. Working from this image of science, a few researchers have be-
gun to investigate the development of children’s knowledge and skills in
modeling.

The kinds of models that scientists construct vary widely, both within
and across disciplines. Nevertheless, the rhetoric and practice of science are
governed by efforts to invent, revise, and contest models. By modeling, we
refer to the construction and test of representations that serve as analogues
to systems in the real world (Lehrer and Schauble, 2006). These representa-
tions can be of many forms, including physical models, computer programs,
mathematical equations, or propositions. Objects and relations in the model
are interpreted as representing theoretically important objects and relations
in the represented world. Models are useful in summarizing known features
and predicting outcomes—that is, they can become elements of or represen-
tations of theories. A key hurdle for students is to understand that models
are not copies; they are deliberate simplifications. Error is a component of
all models, and the precision required of a model depends on the purpose
for its current use.

The forms of thinking required for modeling do not progress very far
without explicit instruction and fostering (Lehrer and Schauble, 2000). For
this reason, studies of modeling have most often taken place in classrooms
over sustained periods of time, often years. These studies provide a pro-
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vocative picture of the sophisticated scientific thinking that can be supported
in classrooms if students are provided with the right kinds of experiences
over extended periods of time. The instructional approaches used in studies
of students’ modeling, as well as the approach to curriculum that may be
required to support the development of modeling skills over multiple years
of schooling, are discussed in the chapters in Part III.

Lehrer and Schauble (2000, 2003, 2006) reported observing characteris-
tic shifts in the understanding of modeling over the span of the elementary
school grades, from an early emphasis on literal depictional forms, to repre-
sentations that are progressively more symbolic and mathematically power-
ful. Diversity in representational and mathematical resources both accompa-
nied and produced conceptual change. As children developed and used
new mathematical means for characterizing growth, they understood bio-
logical change in increasingly dynamic ways. For example, once students
understood the mathematics of ratio and changing ratios, they began to
conceive of growth not as simple linear increase, but as a patterned rate of
change. These transitions in conception and representation appeared to sup-
port each other, and they opened up new lines of inquiry. Children won-
dered whether plant growth was like animal growth, and whether the growth
of yeast and bacteria on a Petri dish would show a pattern like the growth of
a single plant. These forms of conceptual development required a context in
which teachers systematically supported a restricted set of central ideas,
building successively on earlier concepts over the grades of schooling.

Representational Systems That Support Modeling

The development of specific representational forms and notations, such
as graphs, tables, computer programs, and mathematical expressions, is a
critical part of engaging in mature forms of modeling. Mathematics, data and
scale models, diagrams, and maps are particularly important for supporting
science learning in grades K-8.

Mathematics

Mathematics and science are, of course, separate disciplines. Neverthe-
less, for the past 200 years, the steady press in science has been toward
increasing quantification, visualization, and precision (Kline, 1980). Math-
ematics in all its forms is a symbol system that is fundamental to both ex-
pressing and understanding science. Often, expressing an idea mathemati-
cally results in noticing new patterns or relationships that otherwise would
not be grasped. For example, elementary students studying the growth of
organisms (plants, tobacco hornworms, populations of bacteria) noted that
when they graphed changes in heights over the life span, all the organisms
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studied produced an emergent S-shaped curve. However, such seeing de-
pended on developing a “disciplined perception” (Stevens and Hall, 1998), a
firm grounding in a Cartesian system. Moreover, the shape of the curve was
determined in light of variation, accounted for by selecting and connecting
midpoints of intervals that defined piece-wise linear segments. This way of
representing typical growth was contentious, because some midpoints did
not correspond to any particular case value. This debate was therefore a
pathway toward the idealization and imagined qualities of the world neces-
sary for adopting a modeling stance. The form of the growth curve was
eventually tested in other systems, and its replications inspired new ques-
tions. For example, why would bacteria populations and plants be describ-
able by the same growth curve? In this case and in others, explanatory
models and data models mutually bootstrapped conceptual development
(Lehrer and Schauble, 2002).

It is not feasible in this report to summarize the extensive body of re-
search in mathematics education, but one point is especially critical for sci-
ence education: the need to expand elementary school mathematics beyond
arithmetic to include space and geometry, measurement, and data/
uncertainty. The National Council of Teachers of Mathematics standards (2000)
has strongly supported this extension of early mathematics, based on their
judgment that arithmetic alone does not constitute a sufficient mathematics
education. Moreover, if mathematics is to be used as a resource for science,
the resource base widens considerably with a broader mathematical base,
affording students a greater repertoire for making sense of the natural world.

For example, consider the role of geometry and visualization in compar-
ing crystalline structures or evaluating the relationship between the body
weights and body structures of different animals. Measurement is a ubiqui-
tous part of the scientific enterprise, although its subtleties are almost always
overlooked. Students are usually taught procedures for measuring but are
rarely taught a theory of measure. Educators often overestimate children’s
understanding of measurement because measuring tools—like rulers or
scales—resolve many of the conceptual challenges of measurement for chil-
dren, so that they may fail to grasp the idea that measurement entails the
iteration of constant units, and that these units can be partitioned. It is rea-
sonably common, for example, for even upper elementary students who
seem proficient at measuring lengths with rulers to tacitly hold the theory
that measuring merely entails the counting of units between boundaries. If
these students are given unconnected units (say, tiles of a constant length)
and asked to demonstrate how to measure a length, some of them almost
always place the units against the object being measured in such a way that
the first and last tile are lined up flush with the end of the object measured.
This arrangement often requires leaving spaces between units. Diagnosti-
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cally, these spaces do not trouble a student who holds this “boundary-fill-
ing” conception of measurement (Lehrer, 2003; McClain et al., 1999).

Data

Researchers agree that scientific thinking entails the coordination of theory
with evidence (Klahr and Dunbar, 1988; Kuhn, Amsel, and O’Loughlin, 1988),
but there are many ways in which evidence may vary in both form and
complexity. Achieving this coordination therefore requires tools for structur-
ing and interpreting data and error. Otherwise, students’ interpretation of
evidence cannot be accountable. There have been many studies of students’
reasoning about data, variation, and uncertainty, conducted both by psy-
chologists (Kahneman, Solvic, and Tversky, 1982; Konold, 1989; Nisbett et
al., 1983) and by educators (Mokros and Russell, 1995; Pollatsek, Lima, and
Well, 1981; Strauss and Bichler, 1988). Particularly pertinent here are studies
that focus on data modeling (Lehrer and Romberg, 1996), that is, how rea-
soning with data is recruited as a way of investigating genuine questions
about the world.

Data modeling is, in fact, what professionals do when they reason with
data and statistics. It is central to a variety of enterprises, including engineer-
ing, medicine, and natural science. Scientific models are generated with
acute awareness of their entailments for data, and data are recorded and
structured as a way of making progress in articulating a scientific model or
adjudicating among rival models. The tight relationship between model and
data holds generally in domains in which inquiry is conducted by inscribing,
representing, and mathematizing key aspects of the world (Goodwin, 2000;
Kline, 1980; Latour, 1990).

Understanding the qualities and meaning of data may be enhanced if
students spend as much attention on its generation as on its analysis. First
and foremost, students need to grasp the notion that data are constructed to
answer questions (Lehrer, Giles, and Schauble, 2002). The National Council
of Teachers of Mathematics (2000) emphasizes that the study of data should
be firmly anchored in students’ inquiry, so that they “address what is in-
volved in gathering and using the data wisely” (p. 48). Questions motivate
the collection of certain types of information and not others, and many
aspects of data coding and structuring also depend on the question that
motivated their collection. Defining the variables involved in addressing a
research question, considering the methods and timing to collect data, and
finding efficient ways to record it are all involved in the initial phases of data
modeling. Debates about the meaning of an attribute often provoke ques-
tions that are more precise.

For example, a group of first graders who wanted to learn which student’s
pumpkin was the largest eventually understood that they needed to agree
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whether they were interested in the heights of the pumpkins, their circum-
ferences, or their weights (Lehrer et al., 2001). Deciding what to measure is
bound up with deciding how to measure. As the students went on to count
the seeds in their pumpkins (they were pursuing a question about whether
there might be relationship between pumpkin size and number of seeds),
they had to make decisions about whether they would include seeds that
were not full grown and what criteria would be used to decide whether any
particular seed should be considered mature.

Data are inherently a form of abstraction: an event is replaced by a
video recording, a sensation of heat is replaced by a pointer reading on a
thermometer, and so on. Here again, the tacit complexity of tools may need
to be explained. Students often have a fragile grasp of the relationship be-
tween the event of interest and the operation (hence, the output) of a tool,
whether that tool is a microscope, a pan balance, or a “simple” ruler. Some
students, for example, do not initially consider measurement to be a form of
comparison and may find a balance a very confusing tool. In their mind, the
number displayed on a scale is the weight of the object. If no number is
displayed, weight cannot be found.

Once the data are recorded, making sense of them requires that they be
structured. At this point, students sometimes discover that their data require
further abstraction. For example, as they categorized features of self-
portraits drawn by other students, a group of fourth graders realized that it
would not be wise to follow their original plan of creating 23 categories of
“eye type” for the 25 portraits that they wished to categorize (DiPerna, 2002).
Data do not come with an inherent structure; rather, structure must be im-
posed (Lehrer, Giles, and Schauble, 2002). The only structure for a set of
data comes from the inquirers’ prior and developing understanding of the
phenomenon under investigation. He imposes structure by selecting catego-
ries around which to describe and organize the data.

Students also need to mentally back away from the objects or events
under study to attend to the data as objects in their own right, by counting
them, manipulating them to discover relationships, and asking new ques-
tions of already collected data. Students often believe that new questions
can be addressed only with new data; they rarely think of querying existing
data sets to explore questions that were not initially conceived when the
data were collected (Lehrer and Romberg, 1996).

Finally, data are represented in various ways in order to see or under-
stand general trends. Different kinds of displays highlight certain aspects of
the data and hide others. An important educational agenda for students, one
that extends over several years, is to come to understand the conventions
and properties of different kinds of data displays. We do not review here the
extensive literature on students’ understanding of different kinds of repre-
sentational displays (tables, graphs of various kinds, distributions), but, for
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purposes of science, students should not only understand the procedures
for generating and reading displays, but they should also be able to critique
them and to grasp the communicative advantages and disadvantages of al-
ternative forms for a given purpose (diSessa, 2004; Greeno and Hall, 1997).
The structure of the data will affect the interpretation. Data interpretation
often entails seeking and confirming relationships in the data, which may be
at varying levels of complexity. For example, simple linear relationships are
easier to spot than inverse relationships or interactions (Schauble, 1990),
and students often fail to entertain the possibility that more than one rela-
tionship may be operating.

The desire to interpret data may further inspire the creation of statistics,
such as measures of center and spread. These measures are a further step of
abstraction beyond the objects and events originally observed. Even primary
grade students can learn to consider the overall shape of data displays to
make interpretations based on the “clumps” and “holes” in the data. Stu-
dents often employ multiple criteria when trying to identify a “typical value”
for a set of data. Many young students tend to favor the mode and justify
their choice on the basis of repetition—if more than one student obtained
this value, perhaps it is to be trusted. However, students tend to be less
satisfied with modes if they do not appear near the center of the data, and
they also shy away from measures of center that do not have several other
values clustered near them (“part of a clump”). Understanding the mean
requires an understanding of ratio, and if students are merely taught to
“average” data in a procedural way without having a well-developed sense
of ratio, their performance notoriously tends to degrade into “average stew”—
eccentric procedures for adding and dividing things that make no sense
(Strauss and Bichler, 1988). With good instruction, middle and upper el-
ementary students can simultaneously consider the center and the spread of
the data. Students can also generate various forms of mathematical descrip-
tions of error, especially in contexts of measurement, where they can readily
grasp the relationships between their own participation in the act of measur-
ing and the resulting variation in measures (Petrosino, Lehrer, and Schauble,
2003).

Scale Models, Diagrams, and Maps

Although data representations are central to science, they are not, of
course, the only representations students need to use and understand. Per-
haps the most easily interpretable form of representation widely used in
science is scale models. Physical models of this kind are used in science
education to make it possible for students to visualize objects or processes
that are at a scale that makes their direct perception impossible or, alterna-
tively, that permits them to directly manipulate something that otherwise
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they could not handle. The ease or difficulty with which students under-
stand these models depends on the complexity of the relationships being
communicated. Even preschoolers can understand scale models used to depict
location in a room (DelLoache, 2004). Primary grade students can pretty
readily overcome the influence of the appearance of the model to focus on
and investigate the way it functions (Penner et al., 1997), but middle school
students (and some adults) struggle to work out the positional relationships
of the earth, the sun, and the moon, which involves not only reconciling
different perspectives with respect to perspective and frame (what one sees
standing on the earth, what one would see from a hypothetical point in
space), but also visualizing how these perspectives would change over days
and months (see, for example, the detailed curricular suggestions at the web
site http://www.wcer.wisc.edu/ncisla/muse/).

Frequently, students are expected to read or produce diagrams, often
integrating the information from the diagram with information from accom-
panying text (Hegarty and Just, 1993; Mayer, 1993). The comprehensibility
of diagrams seems to be governed less by domain-general principles than
by the specifics of the diagram and its viewer. Comprehensibility seems to
vary with the complexity of what is portrayed, the particular diagrammatic
details and features, and the prior knowledge of the user.

Diagrams can be difficult to understand for a host of reasons. Sometimes
the desired information is missing in the first place; sometimes, features of
the diagram unwittingly play into an incorrect preconception. For example,
it has been suggested that the common student misconception that the earth
is closer to the sun in the summer than in the winter may be due in part to
the fact that two-dimensional representations of the three-dimensional orbit
make it appear as if the foreshortened orbit is indeed closer to the sun at
some points than at others.

Mayer (1993) proposes three common reasons why diagrams mis-
communicate: some do not include explanatory information (they are illus-
trative or decorative rather than explanatory), some lack a causal chain, and
some fail to map the explanation to a familiar or recognizable context. It is
not clear that school students misperceive diagrams in ways that are funda-
mentally different from the perceptions of adults. There may be some dia-
grammatic conventions that are less familiar to children, and children may
well have less knowledge about the phenomena being portrayed, but there
is no reason to expect that adult novices would respond in fundamentally
different ways. Although they have been studied for a much briefer period
of time, the same is probably true of complex computer displays.

Finally, there is a growing developmental literature on students’ under-
standing of maps. Maps can be particularly confusing because they preserve
some analog qualities of the space being represented (e.g., relative position
and distance) but also omit or alter features of the landscape in ways that
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require understanding of mapping conventions. Young children often ini-
tially confuse maps of the landscape with pictures of objects in the land-
scape. It is much easier for youngsters to represent objects than to represent
large-scale space (which is the absence of or frame for objects). Students
also may struggle with orientation, perspective (the traditional bird’s eye
view), and mathematical descriptions of space, such as polar coordinate
representations (Lehrer and Pritchard, 2002; Liben and Downs, 1993).

CONCLUSIONS

There is a common thread throughout the observations of this chapter
that has deep implications for what one expects from children in grades
K-8 and how their science learning should be structured. In almost all cases,
the studies converge to the position that the skills under study develop with
age, but also that this development is significantly enhanced by prior knowl-
edge, experience, and instruction.

One of the continuing themes evident from studies on the development
of scientific thinking is that children are far more competent than first sus-
pected, and likewise that adults are less so. Young children experiment, but
their experimentation is generally not systematic, and their observations as
well as their inferences may be flawed. The progression of ability is seen
with age, but it is not uniform, either across individuals or for a given indi-
vidual. There is variation across individuals at the same age, as well as
variation within single individuals in the strategies they use. Any given indi-
vidual uses a collection of strategies, some more valid than others. Discover-
ing a valid strategy does not mean that an individual, whether a child or an
adult, will use the strategy consistently across all contexts. As Schauble (1996,
p. 118) noted:

The complex and multifaceted nature of the skills involved in solving these
problems, and the variability in performance, even among the adults, sug-
gest that the developmental trajectory of the strategies and processes asso-
ciated with scientific reasoning is likely to be a very long one, perhaps even
lifelong. Previous research has established the existence of both early pre-
cursors and competencies . . . and errors and biases that persist regardless
of maturation, training, and expertise.

One aspect of cognition that appears to be particularly important for
supporting scientific thinking is awareness of one’s own thinking. Children
may be less aware of their own memory limitations and therefore may be
unsystematic in recording plans, designs, and outcomes, and they may fail
to consult such records. Self-awareness of the cognitive strategies available
is also important in order to determine when and why to employ various
strategies. Finally, awareness of the status of one’s own knowledge, such as

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

160

TakiNG SciENCE To ScHooL

recognizing the distinctions between theory and evidence, is important for
reasoning in the context of scientific investigations. This last aspect of cogni-
tion is discussed in detail in the next chapter.

Prior knowledge, particularly beliefs about causality and plausibility,
shape the approach to investigations in multiple ways. These beliefs influ-
ence which hypotheses are tested, how experiments are designed, and how
evidence is evaluated. Characteristics of prior knowledge, such as its type,
strength, and relevance, are potential determinants of how new evidence is
evaluated and whether anomalies are noticed. Knowledge change occurs as
a result of the encounter.

Finally, we conclude that experience and instruction are crucial media-
tors of the development of a broad range of scientific skills and of the de-
gree of sophistication that children exhibit in applying these skills in new
contexts. This means that time spent doing science in appropriately struc-
tured instructional frames is a crucial part of science education. It affects not
only the level of skills that children develop, but also their ability to think
about the quality of evidence and to interpret evidence presented to them.
Students need instructional support and practice in order to become better
at coordinating their prior theories and the evidence generated in investiga-
tions. Instructional support is also critical for developing skills for experi-
mental design, record keeping during investigations, dealing with anoma-
lous data, and modeling.
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Understanding How Scientific
Knowledge Is Constructed

Major Findings in the Chapter:

e The research base on children’s understanding of how scientific knowi-
edge is constructed is limited. Most studies have been conducted in
laboratory settings and do not take into account instructional bistory
and children’s opportunity to learn about this aspect of science.

e Most children do not develop a sophisticated understanding of how
scientific knowledge is constructed.

e Methods of science dominate the school science curriculum, with little
emphasis on the role of theory, explanation, or models.

e Children’s understanding of science appears to be amenable to in-
struction. However, more research is needed that provides insight into
the experiences and conditions that facilitate their understanding of
science as a way of knowing.

Science is not only a body of knowledge, but also a way of knowing.
One important underpinning for learning science is students’ understanding
of the nature and structure of scientific knowledge and the process by which
it is developed. Our vision of K-8 science features this understanding as one
of the four strands. We have elevated this focus to the status of a strand for
several reasons. We view understanding of the nature and structure of scien-
tific knowledge and the process by which it is developed as a worthy end in
and of itself. In addition, emerging research evidence suggests that students’
grasp of scientific explanations of the natural world and their ability to en-
gage successfully in scientific investigations are advanced when they under-
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stand how scientific knowledge is constructed. In this chapter we address
how children come to understand both “how we know” in science and “why
we believe” scientific evidence.

For more than a century, educators have argued that students should
understand how scientific knowledge is constructed (Rudolph, 2005). One
rationale that is often invoked, but not empirically tested, is that understand-
ing science makes for a more informed citizenry and supports democratic
participation. That is, citizens who understand how scientific knowledge is
produced will be careful consumers of scientific claims about public scien-
tific issues (e.g., global warming, ecology, genetically modified foods, alter-
native medicine) both at the ballot box and in their daily lives.

A second justification among educators is that understanding the struc-
ture and nature of science makes one better at doing and learning science
(see review by Sandoval, 2005). That is, if students come to see science as a
set of practices that builds models to account for patterns of evidence in the
natural world, and that what counts as evidence is contingent on making
careful observations and building arguments, then they will have greater
success in their efforts to build knowledge. Viewing these processes from a
distance—not merely enacting them—enhances students’ ability to practice
science. Schauble and colleagues (1995), for example, found that fifth grade
students designed better experiments after instruction about the purpose of
experimentation.

We begin the chapter with an elaboration on science as a way of know-
ing, sketching the goals of the enterprise, the nature and structure of scien-
tific knowledge, and the process by which it is constructed. This elaboration
is intended to provide a sense of the target we have for students’ learning.
That is, it represents currently accepted ideas about the nature of scientific
knowledge that are important to teach in grades K-8.

Building on this model of science, we first turn to the cognitive research
literatures to examine the intellectual resources relevant to this strand that
children bring to kindergarten. In an earlier chapter (Chapter 3), we discussed
the developmental research on children’s early “theory of mind,” that is, their
growing awareness of their own and other’s minds and their understanding of
expertise. In this chapter, we first discuss how during the K-8 years, they build
on these understandings to develop some initial epistemological ideas about
what knowledge is and how it is constructed. Next, we consider how they
begin to think about what scientific knowledge is and how it is constructed. In
the field of science education, this research is often found under the general
heading of students’ understanding of the nature of science. Finally, we con-
sider external influences on students’ understanding of science as a way of
knowing, including teacher knowledge, the epistemic model that may under-
lie the curriculum, and the literature—albeit extremely small—that has been
focused on classroom-based interventions in epistemic advancements.
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Before delving into this research, one major caveat is in order. Almost all
of the research investigating children’s thinking relevant to this strand has
been conducted in the research laboratory, examining how their thinking
develops over time irrespective of instructional history or opportunities to
learn. Tt allows us to point to developmental trends and base-level compe-
tencies that can be expected in a given age span in normally developing
children. However, inferences from this research base about the upper limits
of children’s capability are inappropriate and are likely to yield underesti-
mates. Furthermore, as almost all of this research attends to development
and not opportunities to learn, it provides little insight into the kinds of
experiences and conditions that facilitate children’s understanding of sci-
ence and thinking about their own knowledge. A few studies have begun to
explore the effects of teaching approaches on the development of epistemo-
logical understanding. We offer a limited discussion of this literature here.
Later, in Chapters 6 and 9, we discuss in more depth studies that provide
insight as to supportive classroom conditions and provide better proxies for
what is possible when those conditions exist.

UNDERLYING MODEL OF THE NATURE AND
DEVELOPMENT OF SCIENTIFIC KNOWLEDGE

Before considering the research that may elucidate the intellectual re-
sources and challenges that learning this strand might pose to children in the
K-8 years, we briefly review approaches the field has taken to articulate the
underlying model of building scientific knowledge. In this explication, we
consider the goals of the enterprise, the nature and structure of scientific
knowledge, and how knowledge is developed, with a focus on what is most
relevant for student learning. (For a more complete discussion of our view
of the nature of science, see Chapter 2.) While we acknowledge there is no
simple correspondence with this model of science and the epistemic goals
of the curriculum at any particular grade level, consideration of both rel-
evant cognitive research and instructional design is informed by close con-
sideration of the normative model.

Osborne and colleagues (2003) have proposed taking a consensus view
to identify the ideas about science that should be part of the school science
curriculum. They conducted a study to examine the opinions of scientists,
science educators, individuals involved in promoting the public understand-
ing of science, and philosophers, historians, and sociologists of science.
They identified nine themes encapsulating key ideas about the nature of
science that were considered to be an essential component of school sci-
ence curriculum. These included science and certainty, analysis and inter-
pretation of data, scientific method and critical testing, hypothesis and pre-
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diction, creativity/science and questioning, cooperation and collaboration in
the development of scientific knowledge, science and technology, historical
development of scientific knowledge, and diversity of scientific thinking.

Sandoval reviewed Osborne and others’ definitions of science episte-
mology (e.g., Driver et al., 1996; Lederman et al., 2002; McComas and Olson,
1998) and presented a more manageable list of four broad epistemological
themes, which we pause to discuss briefly. First, Sandoval asserts that view-
ing scientific knowledge as constructed is of primary importance that under-
scores a dialectical relationship between theory and evidence. Students, if
they are to understand what science is, must accept that it is something that
people do and create. From this flows the implication that science involves
creativity and that science is not science because it is “true” but because it is
persuasive.

The second theme is that scientific methods are diverse: there is no
single “method” which generically applies to all scientific inquiries (experi-
ments may be conducted in some fields, but not in others). Rather than
relying on one or several rote methods, science depends on ways of evalu-
ating scientific claims (e.g., with respect to systematicity, care, and fit with
existing knowledge).

Third, scientific knowledge comes in different forms, which vary in their
explanatory and predictive power (e.g., theories, laws, hypotheses; for more
on this, see Chapter 2). This is a theme often overlooked in traditional analy-
ses (including Osborne’s) but one that is central to understanding the con-
structive nature of science and the interaction of different knowledge forms in
inquiry. Fourth, Sandoval asserts that scientific knowledge varies in certainty.
Acknowledging variable certainty, Sandoval argues, invites students to engage
the ideas critically and to evaluate them using epistemological criteria.

Another approach to defining the aspects of understanding the episte-
mology of science that science curriculum should inhere is to consider the
aspects of epistemology that have been linked to enhancing the develop-
ment of science understanding. Although the literature does not offer a sys-
tematic treatment of this notion, there are pockets of evidence that suggest a
relationship between aspects of epistemology and students’ understanding
and use of scientific knowledge.

For example, there is evidence that when students come to view argu-
mentation as a central feature of science, this can have considerable positive
effects on their understanding and use of investigative strategies (see, e.g.,
Sandoval and Reiser, 2004; Toth, Suthers, and Lesgold, 2002). Songer and
Linn (1991) have also analyzed the effects of a dynamic versus a static view
of science and found that a dynamic view is conducive to knowledge inte-
gration. Hammer (1994) has identified a relationship between views of knowl-
edge (in terms of coherence, authoritativeness, and degree to which knowl-
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edge is constructed) and achievement differences in science among under-
graduate physics students.

In addition, there is also evidence that students’ epistemology of mod-
els—an aspect of epistemology that receives little attention in the norma-
tive and consensus views of the nature of science—has important implica-
tions for a range of conceptual and practical outcomes. Gobert and
colleagues have studied the epistemology of models of students in the
middle grades, high school, and college, including their understanding of
models as representations of causal or explanatory ideas, that there can be
multiple models of the same thing, that models do not need to be exactly
like the thing modeled, and that models can be revised or changed in light
of new data. They have documented correlations between measures of
students’ sophistication in the epistemology of models and their ability to
draw inferences from texts and transfer causal knowledge to new domains,
as well as conceptual development (Gobert and Discenna, 1997; Gobert
and Pallant, 2001).

Similarly, Schwartz and White (2005) studied seventh grade student learn-
ing using a software environment that allowed the students to design, test,
and revise models. They examined a battery of pre- and postmeasures of
physics content knowledge, inquiry, and knowledge of modeling. They found
that students’ pretest modeling knowledge was the only variable that was a
significant predictor of success for all three posttest measures, and it was the
best predictor of both posttest content and modeling knowledge. While
these studies examine but a few slices of epistemology, they suggest that
certain features of epistemological understanding can offer students power-
ful leverage for science learning. These studies also suggest an important
way to think about defining what students should learn about epistemology
and the nature of science and call attention to an area worthy of future
study.

UNDERSTANDING SCIENCE AND
KNOWLEDGE IN THE K-8 YEARS

In this section, we separate the research literature into that concerned
with the development of children’s understanding of knowledge in general
and that more specifically concerned with the development of their under-
standing of scientific knowledge. Changes across the K-8 grades reflect in-
creasing variability in students’ opportunities to learn about knowledge con-
struction in science and increasing variability in their understanding of science
as a way of knowing. Also contributing to the complexity of this picture,
multiple literatures with fundamentally different methodological tactics and
analytical lenses have contributed contrasting models of the limitations and
emerging competences of K-8 students.
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Understanding Knowledge Construction

There are multiple lines of research, largely disjointed, that are relevant
to K-8 students’ understanding of knowledge construction. This research
encompasses both a continuation of the developmental research literature
and the “epistemic cognition” literature investigating stages in older stu-
dents’ stances toward knowledge and knowing.

One line of research in the developmental literature involves a continu-
ation of the theory of mind frame into the elementary school years. There is
evidence that 6-year-olds (in limited contexts) are beginning to develop a
view of mind as an “active interpreter.” That is, they become more aware
that people actively construct their own understanding of the world and are
aware of the role of prior knowledge in seeing. At the same time, the litera-
ture suggests, children continue to elaborate on their understanding of mind
(and different mental states) throughout elementary school.

Young children’s understanding of the constructive nature of knowl-
edge itself has not been studied extensively, but the limited research sug-
gests that upper elementary school students tend to fall short of viewing
knowledge as rooted in a theoretical world view. Kuhn and Leadbeater
(1988), for example, fictionalized two conflicting historical accounts of the
“Livian Wars.” They asked students to interpret the accounts in response to a
variety of probe questions that they were asked after reading the two ac-
counts. Students were asked to articulate differences between the accounts,
consider reasons for the differences, and discuss whether both accounts
could be correct. They were scored in terms of epistemological level, from
treating the two pieces as factual accounts that might differ only in specific
facts reported, to understanding that they reflect contrasting interpretations,
filtered through world views. They found that no sixth graders responded in
terms of the higher levels.

The work of Perry (1970/1999), consisting of longitudinal studies of
Harvard male undergraduates, constitutes an early and influential line of
research on stages in understanding knowledge construction. Researchers
have made substantial methodological and conceptual advances since Perry’s
time (see the discussion of instructional intervention studies in the next
section). However, work that continues in the tradition of Perry maintains
his general findings that, over the early to late adolescent years, individuals
display shifts in their general stance toward knowledge and knowing. Spe-
cifically, many young people enter early adolescence embracing an “abso-
lutist” or dualist view of knowledge and truth, one that assumes that there is
one right answer to every question and differences of opinion are explain-
able by misinformation or faulty reasoning. At some point, usually during
adolescence, youngsters become aware that others may disagree with them
on matters about which they hold strong beliefs.
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As these young people begin to understand that knowing necessarily
involves interpretation and its consequent ambiguities, they may enter an
epistemological crisis, characterized by what Chandler, Boyes, and Ball (1990)
called “epistemic doubt.” In this state, they struggle with the erosion of their
certainty and may lose confidence altogether that it is possible to be certain
about anything. The temporary result may be subjective relativism, a stance
epitomized in the quintessential adolescent remark, “Whatever.” Subjective
relativism is the notion that as all beliefs are subjectively held, it is impos-
sible to verify any of them with certainty, so no one’s beliefs or opinions are
better or worse than those of anyone else.

This relativism is regarded as an early reaction to the recognition that
knowledge is conjectural and uncertain, open to and requiring interpreta-
tion. In later adolescence or early adulthood, some individuals may pass
through relativism to embrace a contextualist commitment to reasoned judg-
ment, although this move is by no means typical or inevitable. The indi-
vidual continues to understand that knowledge is neither certain nor com-
plete but comes nevertheless to accept that, with good judgment and careful
reason, it is possible over time to achieve successively closer approxima-
tions of the truth.

Much of this research has been performed with college undergraduates,
and the homogeneity of the participants may in part account for the degree
of general agreement in the findings about the overall nature of change.
However, different models propose different numbers of sublevels along the
way. Moreover, there are some disagreements about the extent to which
change is regarded as universal or not, the ages at which shifts typically
occur, and also the extent to which it is regarded as stage-like and structur-
ally integrated, or composed of a series of relatively independent beliefs
about knowledge and learning. Some accounts emphasize change that is
primarily linear and hierarchical, whereas others propose that change is
merely adaptation to one’s immediate or global environment and thus may
not be unidirectional.

Most of the models appear to assume that epistemology is trait-like, so
that it is a relatively stable feature of the individual. However, a few (e.g.,
Hammer and Elby, 2002; Sandoval, 2005) argue that epistemology is situ-
ational, an interaction of the individual’s cognitive and historical resources
and environmental features that cue or elicit patterns of those resources.

At first glance, some of these ideas appear to be inconsistent with re-
search that suggests that much earlie—indeed, by the time they begin el-
ementary school—children already are well aware that individuals can hold
different beliefs about the same objects and events. Beliefs are not simply
copies of reality; they are products of the activity of knowing—therefore,
they are subject to verification and are potentially disconfirmable by evi-
dence (Perner, 1991). If young elementary schoolchildren understand these
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concepts, how can adolescents be deemed to hold an “absolutist” position
toward knowledge? Chandler, Hallett, and Sokol (2002) suggest that, although
young children are aware of representational diversity, this does not mean
that they consider it a necessary or legitimate aspect of knowledge. Instead,
they are more likely to believe that there is one right answer and that other
interpretations are simply wrong or misinformed.

Chandler, Hallett, and Sokol (2002) propose that young children
do not understand that diversity of interpretations is “somehow intrinsic
to the knowing process;” that is, that interpretation is an unavoidable
aspect of all knowledge. Hence, the criteria for knowledge cannot easily
be specified, and all knowing is associated with an unavoidable degree of
ambiguity.

Understanding the Nature of Science
and How It Is Constructed

Multiple lines of research are relevant to the issue of children’s under-
standing of the nature of science and how it is constructed. And once again,
the relations between the lines of research are complex. Relevant lines of
research include the science-specific developmental literature, the epistemic
cognition literature focused on understanding of science as a way of know-
ing, and survey-based data focused on children’s beliefs about the nature
of scientific knowledge and how it is constructed. Finally, we consider
how science curricula, instructional interventions, and teachers’ notions
of science may influence children’s understanding of science as a way of
knowing.

It is straightforward to imagine how holding either absolutist or relativist
epistemologies could lead to a distorted view of the nature of science. In-
deed, research directed more explicitly at young students’ grasp of the na-
ture of scientific knowledge and practice has produced findings with inter-
esting parallels to the more general developmental literature. For example,
Carey and Smith (1993) point out that many students do not understand that
science is primarily a theory-building enterprise. They may learn about ob-
servation, hypotheses, and experiment from their science textbooks, but
they rarely understand that theories underlie these activities and are respon-
sible for both the generation and interpretation of both hypotheses and
experiments. The commonsense epistemology that young students typically
hold is unreflective; to the extent that they think about it at all, children often
think of knowledge as stemming directly from sensory experience, even
though they do know that some knowledge is inferred rather than observed
(Sodian and Wimmer, 1987), and they are even aware that the same object
may be interpreted differently by different observers (Taylor, Cartwright,
and Bowden, 1991).
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Carey and Smith (1993) suggest that children may not make clear dis-
tinctions between theory, specific hypotheses, and evidence, and they may
expect to find simpler and more direct relations between data and conclu-
sions than are warranted. Like the absolutists described in the developmen-
tal psychology literature, they tend to regard differences in conclusions or
observations as being due to lack of information or misinformation, rather
than legitimate differences in perspective or interpretation. There is limited
or no awareness that one’s beliefs may be connected into coherent frame-
works, and that these frameworks may have an influence on what one ob-
serves via the senses. For this reason, Kitchener and King (1981) argue stu-
dents fail to understand that controversy is a part of science and that authorities
are deemed, by definition, to share a common set of true beliefs. We sug-
gest, however, an additional factor that may explain this finding, but that is
not considered in this body of research. Children are rarely taught about
controversy in science, so why would they come to view scientific knowl-
edge as contested?

Carey et al. (1989) asked seventh graders a series of questions about the
goals and practice of science and about the relationships between scientists’
ideas, experiments, and data. Students’ responses to these interviews were
coalesced into three global perspectives about the nature of science, ranging
from Level 1, in which scientists were regarded simply as collecting facts
about the world, to Level 3, in which scientists were seen as concerned with
building ever more powerful and explanatorily adequate theories about the
world. A second interview study (Grosslight, Unger, Jay, and Smith, 1991)
probed middle school students’ understanding of models and modeling and
achieved similar results. Many children regarded models merely as copies of
the world, a Level 1 perspective. Level 2 children understood that models
involve both the selection and omission of features, but emphasis remained
on the models themselves rather than on the scientists’ ideas behind the
model. Finally, in Level 3 epistemology, models were regarded as tools de-
veloped for the purpose of testing theories.

Almost all seventh graders in these studies were at Levels 1 or 2, de-
scribed by the researchers as “knowledge unproblematic” because from this
view, disagreements about the nature of reality are considered due to igno-
rance or misinformation and knowledge is regarded as relatively straightfor-
ward. In contrast, in “knowledge problematic” epistemologies, seldom or
never achieved by the students in these studies, knowledge is regarded as
being organized into theories about the world that are actively constructed
via a process of critical inquiry and that are often successively revised over
extended periods of time.

The science education research on learners’ and teachers’ views about
the nature of science is mixed (McComus and Olson, 1998; Lederman et al.,
2002; Lederman, 1999; Osborne et al., 2003). When data are gathered em-
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ploying survey instruments that probe learners’ views of science outside any
specific context of inquiry, the results indicate that even high school and
undergraduate students do not develop accurate views about the theory
revision and responsiveness to evidence.

Similarly, Driver et al. (1996) interviewed same-age pairs of students at
ages 9, 12, and 16 about the purposes of scientific work, their understanding
of the nature and status of scientific knowledge, and their understanding of
science as a social enterprise. They classified students’ responses about epis-
temology into three overall levels, with the lowest levels reflecting little
acknowledgment of interpretation and successive levels indicating the im-
portance of forms of thinking that do not rely solely on sensory input. The
reasoning considered at the lowest level was reasoning grounded in phe-
nomena; at the next, empirical reasoning based on relationships between
variables; and finally, the highest level was reasoning that uses imagined
models. Like the Carey and Unger studies, Driver et al. (1996) characterized
children as moving from perspectives that emphasize unproblematic, sensory-
based knowledge in which truth is considered a relatively simple objective
to attain, to views in which science is acknowledged to depend on active
interpretations of staged events (experiments), mental manipulations, and
coherent, connected bodies of knowledge that may include many areas of
uncertainty.

Much of this research literature suggests that K-8 students have a limited
understanding of how scientific knowledge is constructed. However, it is
not clear to what extent one can attribute such limitations to developmental
stage, as opposed to adequacy of instructional opportunity or other experi-
ences. In the words of Carey and Smith (1993, p. 243): “Two questions of
urgent importance to educators now arise. First, in what sense are these
levels developmental? Second (and distinctly), do these levels provide barri-
ers to grasping a constructivist epistemology if such is made the target of the
science education?”

Consider first the model of science as a way of knowing underlying the
science children experience in the science curriculum, their primary source of
information about the nature of the discipline. As noted in other chapters, in
the upper elementary school years, the process of scientific knowledge con-
struction is typically represented as experiment, with negligible acknowledg-
ment of the role of interpretation or, more generally, the active role of the
scientist in the process of knowledge construction. In the early grades, the
typical emphasis on description of phenomenology through the basic science
process skills of observation, categorization, measurement, etc., also reflects a
distorted image of science, far removed from a constructivist epistemology.

In the same vein, science aspires to construct conceptual structures,
with robust explanatory and predictive power, yet this is seldom either
explicit or implicit in the K-8 science curriculum. An analysis of science
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curriculum by the American Association for the Advancement of Science
(AAAS) indicates that all curricular content is typically represented as of
equal importance, with little attention to its interconnections or functional-
ity. According to Roseman, Kesidou, Stern, and Caldwell (1999), authors of
the AAAS report, the science texts evaluated by AAAS included many class-
room activities that either were irrelevant to learning key science ideas
or failed to help students relate their activitiy to science ideas.

Science curriculum has long been criticized as reflecting an impover-
ished and misleading model of science as a way of knowing (e.g., Burbules
and Linn, 1991; Hewson and Hewson, 1988). Methods of science dominate
the school science curriculum, with little emphasis on the role of theory,
explanation, or models. More contemporary views of science (Giere, 1991,
1999; Solomon, 2001; Longino, 1990) “as a multidimensional interaction among
the models of scientists, empirical observation of the real world, and their
predictions” are seldom included (Osborne et al., 2003, p. 715).

Although there are notable exceptions to this pattern, most K-8 curricula
would appear to at least exacerbate the epistemological shortcomings with
which children enter school. In the words of Reif and Larkin (1991, p. 733):
“Science taught in schools is often different from actual science and from
everyday life. Students’ learning difficulties are thus increased because sci-
entific goals are distorted and scientific ways of thinking are inadequately
taught.”

Another factor that needs to be considered in understanding and attri-
bution of children’s shortcomings in this regard is teachers’ understanding of
science as a way of knowing (Akerson, Abd-El-Khalick, and Lederman, 2000).
The epistemic cognition literature has documented shortcomings in students
at all levels of study, including college and beyond. It is not surprising that
shortcomings in the understanding of science as a way of knowing have
been identified in K-8 teachers.

A small literature of classroom-based design studies indicates that these
limitations may be at least to some degree ameliorable by instruction. De-
sign studies, in which researchers create conditions favorable to students’
learning about the scientific enterprise, show that elementary and middle
school students can develop their understanding of how scientific knowl-
edge develops (Carey et al., 1989; Khishfe and Abd-El-Khalick, 2002), in-
cluding a more sophisticated understanding of the nature and purpose of
scientific models (Gobert and Pallant, 2001; Schwartz and White, 2005). With
appropriate supports for learning strategies of investigation, children can
generate meaningful scientific questions and design and conduct productive
scientific investigations (e.g., Metz, 2004; Smith et al., 2000).

For example, in the small elementary school in which she was the lone
science teacher, Gertrude Hennessey was able to systematically focus the
lessons on core ideas built cumulatively across grades 1-6. She chose to
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emphasize generating, communicating, and evaluating theories via the intel-
ligibility, plausibility, fruitfulness, and conceptual coherence of the alterna-
tives (see Table 6-1). Research on her sixth grade students’ understanding of
the nature of science suggested that they had a much better sense of the
constructive, knowledge problematic nature of the enterprise than did sixth
graders from a comparable school (Smith et al., 2000).

In another example, students showed improved understanding of the
process of modeling after they engaged in the task of designing a model
that works like a human elbow (Penner et al., 1997). In this study, students
in first and second grade in two classrooms participated in a model-building
task over three consecutive 1-hour sessions. They began by discussing
different types of models they had previously seen or made. They consid-
ered the characteristics of those models, and how models are used for
understanding phenomena. They were then introduced to the task of de-
signing a model that functions like their elbow. After discussing how their
own elbows work, children worked in pairs or triads to design and build
models that illustrated the functional aspects of the human elbow. After
generating an initial model, each group demonstrated and explained their
model to the class followed by discussion of the various models. Students
were then given an opportunity to modify their models or start over. In
interviews conducted after the session, students improved in their ability
to judge the functional rather than perceptual qualities of models com-
pared with nonmodeling peers. They also demonstrated an understanding
of the process of modeling in general that was similar to that of children 3
to 4 years older.

Researchers have also identified important curricular features that sup-
port the development of a more sophisticated epistemology. Curricula can
facilitate the epistemological development of students when they focus on
deep science problems, provide students opportunities to conduct inquiry,
and structure explicit discussion of epistemological issues (see, e.g., Bell
and Linn, 2000; Davis, 1998; Smith and Wenk, in press). It is also important
to note that students’ understanding of epistemology does not grow
unproblematically from inquiry experiences. In order to advance their un-
derstanding of epistemology, learners engaged in inquiry need explicit cues
to reflect on their experiences and observations and consider the epistemo-
logical implications (Khishfe and Abd-El-Khalick, 2002).

CONCLUSIONS

The research base related to children’s understanding of knowledge in
general and of scientific knowledge specifically is limited. Much of the work
on knowledge has been carried out with college-age populations, although
some studies in developmental psychology have looked at children’s under-
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TABLE 6-1 One Progression of Increasingly Sophisticated Metaconceptual

Activities

in Grades 1-6

Grade

Students’ Role

Teacher's Role

1 °

Explicitly state their own views
about the topic under consideration
Begin to consider the reasoning
used to support their views

Being to differentiate what they
think from why they think it

Begin to address the necessity of
understanding other (usually peer)
positions before they can discuss or
comment on those positions
Toward the end of the year, begin
to recognize inconsistency in the
thoughts of others, but not neces-
sarily in their own thinking

Explore the idea that thoughts have
consequences, and that what one
thinks may influence what one
chooses to see

Begin to differentiate understanding
what a peer is saying from believing
what a peer is saying

Begin to comment on how their
current ideas have changed from
past ideas and to consider that
current ideas may also need to be
revised over time

Finds a variety of ways in which
students can externally represent
their thinking about the topic
Provides many experiences for
students to begin to articulate the
reasoning used to support ideas/
beliefs

Continues to provide an educational
environment in which students can
safely express their thoughts,
without reproaches from others
Introduces concept of consistency
of thinking

Models consistent and inconsis-
tent thinking (students can readily
point out when teacher is being
inconsistent)

Fosters metacognitive discourse
among learners in order to illuminate
students’ internal representations
Provides lots of examples from
their personal work (which is saved
from year to year) of student ideas
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TABLE 6-1 Continued

Grade

Students’ Role

Teacher's Role

46

Begin to consider the implications
and limitations of their personal
thinking

Begin to look for ways of revising
their personal thinking

Begin to evaluate their own/others’
thinking in terms of intelligibility,
plausibility, and fruitfulness of ideas

Provides historical examples of very
important people changing their
views and explanations over time
Begins to use students’ external
representations of their thinking as
a way of evaluating their ideas/
beliefs (in terms of intelligibility,
plausibility, and fruitfulness) in order

Continue to articulate criteria for
acceptance of ideas (i.e., consis-
tency and generalizability)
e Continue to employ physical
representations of their thinking
e Begin to employ analogies and
metaphors, discuss their explicit
use, and differentiate physical
models from conceptual models

the mind of the learner

e Articulate and defend ideas about
“what learning should be like”

to (a) create, when necessary,
dissatisfaction in the minds of the
learner to facilitate conceptual
exchange or (b) look for ways of
promoting conceptual capture in

SOURCE: Smith et al. (2000).

standing of how knowledge is constructed. Many researchers assume that
epistemology is trait-like, although some argue that it is situational—an in-
teraction of cognitive and historical resources with environmental features
that cue or elicit those resources.

Looking across the various lines of research, most children in grades
K-8 do not further develop the rudimentary knowledge and skills that are so
evident during the preschool years. Young children tend to move from one
level of understanding to the next slowly, if at all, and by middle school few
students reach higher levels of understanding, at which knowledge is viewed
as problematic and claims are necessarily subjected to scrutiny for their
evidentiary warrants. In large measure, this pervasive pattern probably re-
flects more about the opportunities to learn that children encounter in their
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education than a measure of what they could do under different conditions.
Evidence from design studies, discussed in this chapter and to which we
return in Chapter 9, suggests that, under optimal curricular and instructional
conditions, children can develop very sophisticated views of knowledge.
Yet the contrast is remarkable between the capabilities of preschool children
and modal patterns of development in older children and the lack of sophis-
ticated reasoning about knowledge in early adolescents.

We argue that in carefully designed, supportive environments, elemen-
tary and middle school children are capable of understanding and working
with knowledge in sophisticated ways. Instruction in K-8 science can signifi-
cantly advance their understanding of the nature and structure of scientific
knowledge and the process by which it is constructed. Design studies, in
which researchers create conditions favorable to students’ learning about
the scientific enterprise, suggest that elementary students can develop higher
levels of how scientific knowledge develops. With appropriate supports for
learning strategies of investigation, children can engage in designing and
conducting investigations that enable them to understand science as a way
of knowing (Gobert and Pallant, 2001; Klahr and Li, 2005; Metz, 2004; Schwartz
and White, 2005; Smith et al., 2000; Toth, Klahr, and Chen, 2000). The core
elements of this scientific activity involve articulating hypotheses, laws, or
models, designing experiments or empirical investigations that test these
ideas, collecting data, and using data as evidence to evaluate and revise
them. We will discuss this literature in depth in Chapter 9.

Current science education does not typically offer the kind of educa-
tional environments that have been shown to support children’s understand-
ing of scientific knowledge. Rather, there is a tendency to overemphasize
methods, often experimental methods, as opposed to presenting science as
a process of building theories and models, checking them for internal con-
sistency and coherence, and testing them empirically. This lack of attention
to theory, explanation, and models may exacerbate the difficulties children
have with understanding how scientific knowledge is constructed. It may, in
fact, strengthen their misconceptions, such as the view that scientific knowl-
edge is unproblematic, relatively simple to obtain, and flows easily from
direct observation. While curricula may be one source of this problem, teach-
ers’ lack of understanding of science as a way of knowing may also play a
role. The role of teachers and teacher knowledge in science education is
taken up in greater detail in Chapter 10.
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Participation in Scientific
Practices and Discourse

Main Findings in the Chapter:

e The norms of scientific argument, explanation, and the evaluation of

evidence differ from those in everyday life. Students need support to
learn appropriate norms and language for productive participation
in the discourses of science.

Children’s experiences vary with their cultural, linguistic, and eco-
nomic background. Such differences mean that students arrive in the
classroom with varying levels of experience with science and varying
degrees of comfort with the norms of scientific practice.

It may be bard for teachers to recognize the strengths that diverse
learners bring to the science classroom. However, all students can be
successful in science and bring resources that can be built on to de-
velop scientific proficiency.

e Motivation and attitudes toward science play a critical role in science

learning, fostering students’ use of effective learning strategies that
resull in deeper understanding of science. Classroom instruction and
the classroom context can be designed in ways that enbance motiva-
tion and support productive participation in science.

In this chapter, we examine research related to Strand 4: participate
productively in scientific practices and discourse. We begin with a discus-
sion of talk and argument. Argumentation is a central activity of scientists,
and students need to learn both the language and norms for argumentation
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in science. This discussion of talk and argument leads naturally into consid-
eration of the role of cultural habits and values in learning science. Science
brings its own norms for both social and cognitive participation, which often
differ quite markedly from children’s experiences in everyday settings. Fi-
nally, we consider how motivation and identity play a role in science learn-
ing and successful participation in science.

TALK AND ARGUMENT

According to Bazerman (1988), the central activity of scientists is argu-
mentation in communities of practice for the purpose of persuading col-
leagues of the validity of one’s own ideas and the ideas of others (see
Latour, 1987). The focus of these arguments is on establishing agreement
about the truth of symbolic objects. For example, Bazerman (1988) ana-
lyzed Newton’s journal articles over a period of years and concluded that
experiments are communicated in a way meant to ensure that his interpre-
tations would seem both logical and inevitable to readers. Newton em-
ployed a host of rhetorical devices, from the order of experiments reported
(which often did not match their actual sequence) to the wording of sen-
tences, all orchestrated to maximize the likelihood that readers would liter-
ally come to see things his way.

In spite of its centrality in science, genuine scientific argumentation is
rarely observed in classrooms. Instead, most of the talk comes from teach-
ers, and it seems oriented primarily toward persuading students of the valid-
ity of the scientific worldview (Ogborn et al., 1996). As Mehan (1979) de-
scribed in his now-classic analysis of the structure of talk in school, the tacit
turn-taking rules that guide the interaction of teachers and students seem
guaranteed to preclude argument of any kind, and perhaps even genuine
conversation. Mehan reported that the discourse structure he most frequently
observed was one he called the initiate-response-evaluate triad. This familiar
form of exchange begins with a teacher asking a question, usually one to
which the answer is already known. A student is called on and responds,
and the teacher then follows up with a comment that communicates an
evaluation of the response. These sequences are intended to find out if the
student can provide the answer expected by the teacher, not to communi-
cate anything previously unknown, put forth a claim, justify or debate a
point, or offer a novel interpretation.

Many teachers are uncomfortable with argument, perhaps understand-
ably, given that many teach in contexts in which much of their time is spent
mediating conflict and persuading students of the value of civil exchange.
Skill and persistence are required to help students grasp the difference be-
tween scientific argument, which rests on plausibility and evidence and has
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the goal of shared understanding, and everyday argument, which relies on
power and persuasiveness and assumes that the goal is winning. It is not
straightforward to get a middle schooler to see the distinction between dis-
agreeing with an idea and disagreeing with a person.

Moreover, orchestrating effective scientific argument requires having
sufficient knowledge of both children and content to perceive on the fly
what is scientifically fruitful in students’ talk. Young students tend to use
language that is ambiguous, fragmentary, or even contradictory, especially
in heated conversation, so the content and structure of their arguments can
be difficult to follow. Yet if the educational goal is to help students under-
stand not just the conclusions of science, but also how one knows and why
one believes, then talk needs to focus on how evidence is used in science
for the construction of explanations. “A prominent, if not central, feature of
the language of scientific enquiry is debate and argumentation around com-
peting theories, methodologies, and aims. Such language activities are cen-
tral to doing and learning science. Thus, developing an understanding of
science and appropriating the syntactic, semantic, and pragmatic compo-
nents of its language require students to engage in practicing and using its
discourse” (Duschl and Osborne, 2002, p. 40).

As described in Chapter 6, Gertrude Hennessey, who taught science to
students in all grades at her small, rural elementary school, made the develop-
ment of argument an explicit goal of instruction, starting with first graders. Her
goals for these young children were modest, focused primarily on helping
students become adept at stating their own beliefs and providing reasons for
them. By the fourth grade, however, students were expected to understand
and appeal to the scientific criteria of intelligibility, plausibility, fruitfulness,
and conceptual coherence for evaluating their evolving beliefs. By sixth grade,
students were expected to be actively monitoring the beliefs of their peers,
considering the fit of competing explanations to the patterns of evidence that
they were observing in their investigations (Hennessey, 2002).

Even understanding that more than one explanation is possible and that
alternative explanations should be examined and entertained may take some
getting used to (Kuhn, 1991). To keep this awareness at the center of stu-
dents’ attention, it may be helpful to feature alternative beliefs and explana-
tions, socioscientific issues, and problem-based learning situations as occa-
sional topics of classroom discussion. Eichinger et al. (1991) found that
productive argumentation in classrooms is more likely to occur when stu-
dents are permitted and encouraged to talk and work directly with each
other, rather than always having their talk mediated through the teacher.
These researchers favored collaborative problem-solving groups as a struc-
ture for encouraging peer-to-peer discourse, but they also noted that these
groups are not successful unless the teacher works actively to support class-
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room norms that emphasize responsibility, tolerance, and the construction
of arguments based on theory and evidence. Without teacher intervention,
students do not spontaneously adopt either the general social norms or the
specific scientific epistemic grounds for conducting productive dialogic dis-
course (Osborne et al., 2001). Herrenkhol and Guerra (1998) examined the
effectiveness of directly teaching specific audience roles for encouraging
productive scientific argumentation in the elementary grades. As small teams
of fourth graders reported the results of their investigations to the whole
class, the audience members were asked to assume responsibility for check-
ing on the presenters by taking one of the following roles: (1) asking clarifi-
cation questions about predictions and theories, (2) challenging claims about
their results, or (3) raising questions about the relationships among their
predictions, theories, and results. When students were assigned these roles,
the discourse patterns in the classroom showed increased negotiation of
shared understanding, monitoring of comprehension, challenges to others’
perspectives, and coordination of theories and evidence.

In addition to its emphasis on discourse patterns, such as forms of scien-
tific argument, science is also associated with a style of language use that
does not match everyday kinds of talk. Specialized kinds of activities, like
science, are often associated with specialized forms of language. Science,
mathematics—and, for that matter, ham radio and drug selling—are activi-
ties conducted by organized groups of people who tend to communicate in
particular linguistic styles, sometimes called “registers” (Halliday, 1988). Sci-
entific language tends to emphasize the passive voice, especially in its tex-
tual forms, and as a result, people are rarely present in science talk or text,
as either agents or participants (Lemke, 1990). Scientific language often fea-
tures abstract nouns that are derived from verbs (e.g., “the revolution of the
earth around the sun”) and technical terms that have different meanings
than in everyday use (e.g., “force,” “energy”). Narrative and dramatic ac-
counts are avoided, as are colloquial expressions and ambiguous words,
such as pronouns with unclear referents. The impression lent by these fea-
tures of scientific style is that the text is communicating a simple and veridical
description of the way the world actually is—a straightforward reading of
the book of nature (Olson, 1994), rather than a complex social activity con-
ducted by humans. For these reasons, Lemke (1990) suggests that teachers
work deliberately to provide opportunities for students to practice at “talk-
ing science.” This goal may be accomplished through a variety of means,
such as teaching students how to combine scientific terms in complex sen-
tences, discussing their commonsense theories on science topics, teaching
students the genres of science writing, and bridging colloquial and scientific
language, for example, by asking students to translate back and forth be-
tween scientific and colloquial statements or questions.
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CULTURAL VALUES AND NORMS'

Scientific thinking is both like and unlike the forms of thinking that
individuals employ in their everyday lives. For example, in both science and
everyday problem solving, people make inferences about the relationships
between causes and effects by detecting and evaluating patterns of covariation
between potential causes and outcomes (Kelley, 1973; Shultz, 1982). How-
ever, it is much less common for people to deliberately apply strategies and
heuristics (such as the control-of-variables strategy) to definitively and sys-
tematically rule out factors that are not causal, although one does observe
this form of thinking in certain specialized contexts, for example, those that
call for accurate diagnosis (e.g., car repair, medicine). Moreover, causal rela-
tionships that go beyond simple, one cause/one effect can be very difficult
for people to detect (Perkins and Grotzer, 2000). Similarly, people do not
simply hold a catalog of unrelated beliefs; instead, they use their knowledge
to make inferences that are internally consistent and that support explana-
tions and predictions about novel cases (Gopnik and Meltzoff, 1997). Even
third graders prefer explanations that are logically consistent (Samara-
pungavan, 1992). However, this does not necessarily mean that novices are
explicitly aware of their beliefs and maintain or discard them by systemati-
cally appraising their adherence to the criteria that scientists deliberately
apply when they evaluate alternative theories.

Because scientific and everyday thinking do not overlap perfectly, stu-
dents sometimes find it confusing to grasp the rules of the game as they
move between contexts. For example, it has been observed that when they
are presumed to be designing and conducting experiments to learn about
the causal structure of a complex system, children frequently are doing some-
thing else altogether—in some cases, trying to replicate outcomes that they
consider interesting or favorable (Kuhn and Phelps, 1982; Tschirgi, 1980;
Schauble, Klopfer, and Raghavan, 1991). Negotiating the sometimes subtle
transitions between everyday thinking and the thinking valued in domains
like science is a challenge for all students. Moreover, it may be particularly
difficult for students who have had less experience with the forms of reason-
ing and talk that are privileged in American middle-class schools. Main-
stream students (those who are white, middle- or upper-class, and native
speakers of standard English) are more likely than culturally or linguistically
diverse students to encounter ways of talking, thinking, and interacting in
schools that are continuous with the practices (including knowledge, lan-
guage, skills, and reasoning) and the expectations that they bring from home.

IThis section draws on the commissioned paper by Ellice Forman and Wendy Sink, “Socio-
cultural Approaches to Learning Science in Classrooms.”
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Any discussion of culture needs to include a caution about the inappro-
priateness of portraying individuals as possessing trait-like thinking styles
typical of cultural, racial, or gender categories. In place of this oversimplified
and stereotypical view, Gutierrez and Rogoff (2003) propose that one con-
ceives of individuals as developing a wide range of repertoires of practice—
ways of behaving, thinking, and interpreting—for engaging with the variet-
ies of communities and institutions that they encounter in their everyday
lives. From this perspective, each person is continually developing an ever-
growing multicultural repertoire, fashioned by participating in their every-
day rounds of practical activity, which involve historically evolving cultural
practices and tools (Cole, 1996; Erickson, 2004). Children are not passive
recipients who simply receive or are molded by culture; instead, as they
encounter cultural practices and routines, they are affected by them but also
transform them, so that the relationships between culture and personal mean-
ing are always fluid and complex.

That said, we note that people’s histories vary, and one’s fluidity in
negotiating the transition across cultures and settings may be simultaneously
supported and constrained by one’s history. This is important, because class-
rooms are not neutral settings; they are “saturated with specific cultural and
communicative norms” (Foster, Lewis, and Onafowora, 2003, p. 263). An
implication is that the educational success of immigrant or U.S.-born racial/
ethnic minority students may depend on their access to cultural and commu-
nicative norms that come for free or at much less cost to other students. The
structure of classroom norms is often left tacit, making it difficult for students
to figure out the rules on their own, especially if these ways of thinking,
talking, and behaving are not as frequently encountered in their home com-
munities (Ladson-Billings, 1995; Delpit, 1995).

For example, it is common for Yup’ik children in Alaska to learn by
observing experienced adults and participating actively as helpers in adult
work and other activities. Verbal interaction is not central to the learning
process; observation and participation are considered more important (Lipka,
1998). Similarly, Rogoff and colleagues (2003) have identified a form of
learning that they call “intent participation,” in which children learn from
keen observation, with little direct instruction. Rogoff et al. report that this
pattern of learning tends to be prevalent in communities that are less strati-
fied by age than those in the United States, communities in which children
enter contexts of adult activity, including work, with relatively few barriers
to their presence or full participation. The strong emphasis in school on
explicit verbal instruction may be disconcerting to children from backgrounds
that favor intent participation or other forms of learning. Moreover, the spe-
cific patterns and uses of discourse, such as the practice of asking questions
whose answer is already known to the questioner, may also seem unfamiliar
and possibly even bizarre to some.
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Lee and Luyks (20006) point out that, as yet, there is little research fo-
cused directly on how cultural norms and values may either affect or be
capitalized on for the learning of disciplinary knowledge, such as science.
For the most part, research on student diversity and research on science
learning have been separate literatures that do not frequently contact each
other. Similarly, instruction for English language learners typically focuses
primarily on English language and literacy development and does not give
as much attention to instruction in content domains, such as science (Na-
tional Research Council, 1997).

However, the research that does exist suggests that two principles can
provide some guidance. First is the need to make visible and inspectable the
norms and patterns of thinking that constitute the rules of the game in the
science classroom, rather than leaving them implicit. If what is valued is left
for students to figure out, then those who have had greater home experi-
ence with those patterns of thinking will have a clear advantage. Varying
solutions to the problem of making the rules of the game understandable
have been advocated, although as yet research does not support whether
some may be more effective than others.

Lee and Fradd (1996, 1998) suggest that when introducing disciplinary
forms of activity, such as scientific inquiry, that may be unfamiliar to stu-
dents, teachers should begin with explicit, structured, direct instruction. Over
time, as students’ grasp of the objectives and procedures develops, teachers
can cede increasing control and initiative to them. The goal is to establish
and maintain instructional congruence, which Lee (2002) describes as medi-
ating the nature of academic disciplines with students’ language and cultural
experiences to make science accessible, meaningful, and relevant. Students
need opportunities to explicitly consider and master new ways of thinking,
while teachers balance challenge and comfort by ensuring that students
understand that their own home norms and practices are valued even as
they encounter some that are less familiar.

Lucas et al. (2005) pursued a somewhat different approach to achieving
the same goal. Specifically, they made the development, critique, and revi-
sion of norms for scientific thinking an ongoing instructional enterprise in a
sixth grade classroom over the course of an academic year. Early in the fall,
students proposed, debated, and came to agreement on classroom criteria
for evaluating “what counts as a good scientific question” and “what we
think is persuasive evidence.” For example, everyone agreed that a good
question was one to which one did not already know the answer, and that
more interesting questions were ones for which one couldn’t just ask some-
one or look up the answer. The resulting list of criteria was used as a focal
class reference as students worked in small teams to design and then pursue
investigations in pond ecology.

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

PARTICIPATION IN SCIENTIFIC PRACTICES AND DISCOURSE 193

However, by midyear, students began to argue that the criteria needed
to be revised, because new ideas about good questions and good evidence
were coming to light as they evaluated their own work and the work of
other teams. For example, students argued that they should amend the list
by adding the criterion that a good question encourages “piggybacking”—
their term for the idea that good questions are inspired by (or piggyback on)
the findings of others and in turn, inspire related additional questions. This
change reflected the students’ growing understanding that a frequent source
of new and interesting questions was the methods pursued by or the find-
ings of other teams. Such shifts in their criteria for questions and evidence
accompanied the shift from conceiving of investigation as an activity con-
ducted independently to advance one’s own knowledge toward understanding
that a larger community can share responsibility for building and evaluating
a publicly shared base of related knowledge.

If clarifying the norms and thinking patterns characteristic of science is
the first important principle for supporting learning for all students, the sec-
ond is the value of capitalizing on the continuities between students’ every-
day thinking, knowledge, and resources and those of practicing scientists.
Ann Rosebery and Beth Warren have worked for a decade and a half at
identifying key points of contact between students” ways of knowing and
scientific ways of knowing. Their phrase “points of contact” is intended to
capture the recognition that there are both continuities and discontinuities
between students’ thinking, tool use, and talk and that of science.

In their Cheche Konnen project, conducted with Haitian Creole students
and their teachers (the name is translated as “search for knowledge”), War-
ren and Rosebery observed that the children regularly and spontaneously
evoked analogies, arguments, and narratives as a means of making sense of
the phenomena they were exploring. For example, one young student who
was investigating animal behavior—in this case, the preference of ants for
different kinds of habitats—imaginatively projected himself into the habitat,
assuming an “ant’s eye view,” a perspective that resulted in his raising doubts
about one of the key attributes of comparison in the design of the investiga-
tion. His original intention had been to set up an experiment to establish
whether ants prefer an environment that is dark to one that is brightly lit, but
as this student imagined himself as an ant crawling through the soil, he
began to wonder how either side of the chamber—Iit or unlit—could possi-
bly appear “light” to an ant wandering around underneath the soil. As he
pointed out, “When we put dirt in there, they—they were a little bit walking
around but almost all of them were under the dirt, in the darkness” (Warren
et al., 2001, p. 54D).

Researchers who observe scientists and mathematicians at work have
pointed out that, for professionals, too, imagination, narrative, and projec-
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tion of oneself as an actor into the context of the investigation appear to
serve as important resources for meaning making and discovery (Ochs,
Gonzales, and Jacoby, 1996). Over the 15 years of its existence, the Cheche
Konnen program has been demonstrating that urban, language-minority stu-
dents can engage in high-level scientific reasoning and problem solving if
they are taught in ways that respect their interests and sense-making
(Hudicourt-Barnes, 2003).

PRODUCTIVE PARTICIPATION

Engagement with science begins with willingness to participate in the
science classroom, but it must go beyond simply participating to participat-
ing in ways that advance science learning. Engle and Conant’s (2002) defini-
tion of “productive disciplinary engagement” is a useful frame for thinking
about active engagement in the classroom that is grounded in disciplinary
norms for both social and cognitive activity. In their view, productive disci-
plinary engagement refers to classrooms in which “there is contact between
what students are doing and the issues and practices of a discipline’s dis-
course” (Engle and Conant, 2002, p. 402). Furthermore, “students’ engage-
ment is productive to the extent that they make intellectual progress. What
constitutes productivity depends on the discipline, the specific task and topic,
and where students are when they begin addressing a problem” (p. 403).
They further distinguish how engagement and disciplinary engagement might
be distinct from productive disciplinary engagement.

Engle and Conant define engagement in terms of students actively speak-
ing, listening, responding, and working and high levels of on-task behavior.
Greater engagement can be inferred when more students in the group make
substantive contributions to the topic under discussion and their contribu-
tions are made in coordination with each other. Engagement also means that
students attend to each other, express emotional involvement, and sponta-
neously reengage with the topic and continue with it over a sustained pe-
riod of time. Finally, it means that few students are involved in unrelated or
off-task activities.

These hallmarks of engagement do not, however, ensure that students
are engaged in meaningful ways with the discipline of science. Disciplinary
engagement expands to include scientific content and experimental activi-
ties (including argumentation based on logic and data patterns). For disci-
plinary engagement to occur, there must be “some contact between what
students are doing and the issues and practices of a discipline’s discourse”
(Engle and Conant, 2002, p. 402). Herrenkohl and Guerra (1998) suggest
that some identifying features of disciplinary engagement in science include
(1) monitoring comprehension, that is, students asking questions to be sure
that they fully understand perspectives posed by other students; (2) chal-
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lenging others’ perspectives and claims; and (3) coordinating bits of knowl-
edge that can be construed as coordinating theories with evidence.

Finally, to be productively engaged in the discipline, students must make
intellectual progress. Whether progress can be considered productive de-
pends on the discipline, the specific task and topic, and where students
begin. Productive disciplinary engagement encompasses the additional cri-
teria of demonstrated change over time in student investigations, complexity
of argumentation, and use of previous investigations to generate new ques-
tions, new concepts, and new investigations.

In this section, we discuss the characteristics of individuals and class-
rooms that play a role in shaping students’ engagement with science. These
include motivation, attitudes, identity, interactions between students’ values
and norms and those of the science classroom, and, finally, characteristics of
instruction that foster productive participation. We note that students’ moti-
vation, attitudes, and identity toward science develop partly as a conse-
quence of their experience of educational, social, and cultural environments.
The educational environment in particular has an important influence on
how students view science, their beliefs about their own ability to do sci-
ence, and whether they feel supported to participate fully in the scientific
community of the classroom. Consequently, we see productive participation
as partly situation or context specific rather than as a stable personality trait
that does not vary across settings.

Motivation, Attitudes, and Identity

Students’ motivation, their beliefs about science, and their identities as
learners affect their participation in the science classroom and have conse-
quences for the quality of their learning. More specifically, results of both
experimental and classroom-based studies suggest that students’ own goals
for science learning, their beliefs about their own ability in science, and the
value they assign to science learning are likely to influence their cognitive
engagement in science tasks (Lee and Anderson, 1993; Pintrich, Marx, and
Boyle, 1993). Motivation, attitudes, and identity encompass cognitive com-
ponents, such as beliefs about oneself and about science; emotional or af-
fective components, such as values, interests, and attitudes; and behavioral
components, such as persistence, effort, and attention.

Researchers studying motivation have developed a dizzying array of theo-
retical frameworks, making it challenging to develop a coherent picture of
motivation, attitudes, and identity and the factors that shape them. The wide
array of constructs that researchers have developed in their attempts to under-
stand the components of motivation and attitudes have been organized by
reviewers of the literature into a few broad categories (for examples, see
Pintrich, Marx, and Boyle, 1993; Wigfield et al., 2006; National Research Coun-
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cil and Institute of Medicine, 2004). We chose to use the three dimensions
developed in the recent National Research Council report Engaging Schools
(2004): components that relate to (1) the students’ feeling “I can do this”; (2)
those that relate to the feeling “I want to do this”; and (3) those that relate to
the feeling “T belong and this is an important part of who I am.”

Beliefs About Oneself and About Science (“I Can Do Science”)

In general, when children answer the question, Can I do this task? in the
affirmative, they try harder, persist longer, perform better, and are motivated
to select more challenging tasks (Wigfield et al., 2006). There is some evi-
dence that a sense of being competent and efficacious as a science learner
does influence learning. In a study of sixth and seventh grade science class-
rooms, students who reported feeling highly efficacious in science and who
had a strong sense of competence in science tended to use deep learning
strategies and were more focused on learning (Anderman and Young, 1994).
Some researchers have suggested that students’ perceptions of their ability
to learn science might interact with the process of conceptual change, so
that if they have confidence in their own learning and thinking strategies,
they may be more likely to change their own conceptions (Pintrich, Marx,
and Boyle, 1993).

Perceptions of ability usually vary from subject to subject and may vary
from one context to another (National Research Council, 2004). Students
will not exert effort in academic work if they are convinced they lack the
capacity to succeed or have no control over outcomes (Atkinson, 1964; Eccles
et al., 1983; Skinner, Wellborn, and Connell, 1990; Skinner, Zimmer-Gembeck,
and Connell, 1998, cited in National Research Council, 2004). Students who
have negative views of their competence and low expectations for success
are more anxious in learning contexts and fearful of revealing their igno-
rance (Abu-Hilal, 2000; Bandalos, Yates, and Thorndike-Christ, 1995; Harter,
1992; Hembree, 1988, cited in National Research Council, 2004). Belief about
the degree to which intellectual ability in a domain is fixed or malleable
have also emerged as an import component of motivation. Americans tend
to have a concept of intelligence or ability as inherited rather than as devel-
oped through effort (Chen and Stevenson, 1995; Dweck, 1999; Stevenson
and Lee, 1990). A student who believes, for example, that ability in science
is fixed and that she has low ability in it has little hope for success and
therefore little reason to try.

Gender differences in competence beliefs are reported as early as kin-
dergarten or first grade, especially in such gender role-stereotyped domains
as science. For example, boys hold higher competence beliefs than girls for
mathematics and sports, even after all relevant differences in skill level are
controlled. In contrast, girls have higher competence beliefs than boys for
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reading and English, music and arts, and social studies (Jacobs et al., 2002).
The extent to which children endorse the cultural stereotypes regarding
which sex is more likely to be talented in a given domain predicts the extent
to which girls and boys distort their ability self-concepts and expectations
(Eccles and Harold, 1992). However, these gender differences are relatively
small when they are found (Marsh, 1989).

Another perspective on the role of beliefs about competence is offered
by research on stereotype threat. Steele (1997) proposed stereotype vulner-
ability and disidentification to help explain the underachievement of stereo-
typed groups. He and his colleagues describe a process by which some
students in a group may disidentify with a particular domain, like school or
science, due to widely held stereotypes about their lack of ability in it. To
protect their own sense of self, some students disidentify with the domain
and stop trying to achieve in it. Those students in the group who remain
identified with the domain—that is, it is important to them and they want to
succeed in it—may then suffer the effects of stereotype threat. This threat
produces lowered performance in the domain, particularly in situations in
which the stereotypes about their groups are made salient. Research based
on this theory offers evidence that the process operates for black students in
school in general and for women in stereotypically male domains, such as
mathematics. These results have clear implications for performance in sci-
ence, for which people tend to hold stereotypes about who has natural
aptitude and who does not.

A key mediator of experiencing stereotype threat appears to be beliefs
about the nature of intelligence. In a recent experimental intervention with
college students, researchers found that by encouraging black students to
adopt a mind set in which they viewed their own intelligence as malleable,
they were able to increase their enjoyment and engagement in academics as
well as their grades compared with controls (Aronson, Fried, and Good,
2002).

Goals, Values, and Interest (“I Want To Do Science”)

Even if students believe they can succeed in science, they will not exert
effort unless they see some reason to do so. They may have very different
reasons for engaging in academic work, and typically there is a very com-
plex set of reasons for engaging in any one task. Researchers have used a
number of theoretical frameworks to explain the psychological processes
involved in students’ decisions to engage in a particular task.

Goals. Goals represent the different purposes that students may adopt in

different achievement situations. Researchers working within this theoretical
framework distinguished two broad orientations that students can have toward
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their learning. A learning orientation (also called a task-involved or mastery
orientation) means that the student is focused on improving skills, mastering
material, and learning new things. A performance orientation (also called an
ego orientation) means that the student focuses on maximizing favorable
evaluations of his competence and minimizing negative evaluations. Both
goals have been observed among students in elementary and middle school
science classrooms (Anderman and Young, 1994; Lee and Brophy, 1996;
Meece, Blumenfeld, and Hoyle, 1988).

A number of studies have shown that these two different goal orienta-
tions can lead to different patterns of cognitive engagement (Pintrich, Marx,
and Boyle, 1993). Research on adoption of mastery goals shows consistent
positive consequences for learning. When children are mastery oriented they
are more highly engaged in learning, use deeper cognitive strategies, and
are intrinsically motivated to learn. This relation has been shown in science
classrooms (Anderman and Young, 1994; Lee and Brophy, 1996; Meece,
Blumenfeld, and Hoyle, 1988).

Which goals children adopt in a classroom are influenced by their own
beliefs, especially beliefs about ability, as well as their experiences in class-
room settings. Children holding an incremental view of intelligence tend to
have mastery or learning goals, whereas children holding an entity view
tend to have performance goals (Dweck and Legget, 1988). The classroom
context appears to have a strong influence on which goals students adopt.
When tasks are more challenging and meaningful, students tend to adopt
mastery goals. In addition, classrooms that provide students with choice or
control over their activities and emphasize gaining understanding rather than
outperforming other students foster a mastery orientation.

Values. An individual’s valuing of a task, in conjunction with her competence
beliefs, influences performance as well as choices about continued investment
in the activity. For example, people will be most likely to enroll in courses
and choose careers in which they think they will do well and that have high
task value for them. In fact, the value placed on a task predicts course plans
and enrollment decisions more strongly than self-concept or expectancy of
success on the task.

There are age-related declines in children’s valuing of certain academic
tasks that vary by domain. In one of the few longitudinal studies conducted
over 12 years, children’s valuing of language arts declined most during el-
ementary years and then leveled off. Their valuing of mathematics declined
the most during the high school years (Jacobs et al., 2002; Fredericks and
Eccles, 2002).

There are also gender differences in the value children place on such
activities as sports, social activities, and academic subjects (Eccles et al.,
1989, 1993; Wigfield et al., 1991). Early work indicated that boys begin to
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value mathematics more than girls in early adolescence. However, more
recent studies show that boys and girls value mathematics equally during
adolescence (Jacobs et al., 2002). However, girls are less interested in sci-
ence, with the exception of biology and engineering, than are boys (Wigfield
et al., 2002).

Culture and ethnicity can influence parents’ behaviors and children’s
motivation through values, goals, and general belief systems (for example,
see Garcia Coll and Pachter, 2002; Gutman and Midgley, 2000; Luster,
Rhoades, and Haas, 1989). Cultural differences can affect motivation through
variations in valued activities (e.g., athletic versus musical competence),
valued goals (e.g., communal goals versus individualistic goals), and ap-
proved means of achieving one’s goals (e.g., competitive versus coopera-
tive means).

Intrinsic motivation and interest. Individuals who are intrinsically
motivated do activities for their own sake and out of interest in the activities.
This is usually contrasted with being extrinsically motivated—that is, doing
activities for instrumental or other reasons, such as receiving a reward. Some
research shows that students who are intrinsically interested in an activity
are more likely than students who are not intrinsically interested to see
challenging tasks as worthwhile (Pittman, Emery, and Boggiano, 1982), think
more creatively (Amabile and Hennessey, 1992), exert effort (Downey and
Ainsworth-Darnell, 2002; Miserandino, 1996), and learn at a conceptual level
(Ryan, Connell, and Plant, 1990).

Classroom practices appear to have an impact on students’ intrinsic in-
terest. Guthrie and colleagues have demonstrated positive effects on motiva-
tion of a program called concept-oriented reading instruction (CORI). CORI
integrates reading with science inquiry and includes four instructional strat-
egies to enhance motivation: support for student autonomy, support for
competence, learning goals, and real-world interaction (Guthrie et al., 1996,
2000). One study of CORI involved third and fifth grade classrooms in three
schools. Teachers were assigned to teach either CORI or to continue with
traditional instruction. At the end of the school year, students in CORI re-
ported greater curiosity for reading science than students in traditional in-
struction (Guthrie et al., 2000). They also reported using more cognitive
strategies for reading comprehension. In additional research on the pro-
gram, students in CORI classrooms also showed improved comprehension
of science texts and higher scores on standardized tests of science content
(Guthrie et al., 2004).

Interest is closely related to the notion of intrinsic motivation, although
interest is generally seen as being more specific in focus. Researchers distin-
guish between individual and situational interest. Individual interest is a
relatively stable stance toward certain domains, like science; situational in-
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terest is determined by specific features of an activity or task. In sixth grade
science classrooms, Lee and Brophy (1996) found evidence that students’
interest and motivation to learn were both domain general and situational.
For example, students’ interest varied from task to task even within a single
unit on matter and molecules.

Interest is tied to the quality of learning (Alexander, Kulikowich, and
Jetton, 1994; Hidi, 2001; Renninger, Ewen, and Lasher, 2002: Schiefele, 1996,
1999). For example, personal interest influences students’ selective atten-
tion, effort and willingness to persist at a task, and acquisition of new knowl-
edge (Hidi, 1990). Situational interest is more influenced than personal
interest by characteristics of the classroom and the nature of the task. For
example, challenge, choice, novelty, fantasy, and surprise can increase stu-
dents’ situational interest (Malone and Lepper, 1987). Recent studies suggest
that interest is particularly predictive of achievement when there is a context
that allows for choice. For example, interest in mathematics predicts achieve-
ment only at higher grade levels when students have a choice between more
or less advanced courses (Koller, Baumert, and Schnabel, 2001).

Research on the development of interest indicates that children tend to
have general or universal interests at first, which become more specific rela-
tively quickly (Eccles, Wigfield, and Schiefele, 1998; Todt, 1990). Between
ages 3 and 8, gender-specific interests emerge (Eccles, 1987; Ruble and Mar-
tin, 1998). For example, Johnson et al. (2004) found that among 4-year-olds,
boys were more likely to have strong individual interests in conceptual do-
mains such as dinosaurs or dogs than were girls. Girls’ interests were gener-
ally more aligned with the arts (drawing, painting) or with activities related
to forming and elaborating on social relationships (pretend play, dolls). Be-
tween ages 9 and 13, emerging self-concept is assumed to be linked more
directly to social group affiliation and cognitive ability, leading to occupa-
tional interests consistent with one’s social class and ability self-concepts
(Cook et al., 1996). After age 13 or 14, students develop more differentiated
and individualized vocational interests based on a notion of their internal,
unique self. The development of vocational interests is thus a process of
continuous elimination of interests that do not fit the individual’s emerging
sense of self, which includes gender, social group affiliation, ability, and
then personal identity (Todt, 1990).

Identity (“I Belong”)

Identity involves how people view themselves, how they present them-
selves, and how others see them (Holland et al., 1998; Wenger, 1998). A
child’s identity as a learner is contested and influenced by different practices
in everyday interactions, as well as in the cultural institutions he uses (Bruner,
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1996; Ogbu, 1995). Research on identity and learning in specific domains
builds on the premise that how one learns and what one learns are funda-
mentally related to the kind of person one wants to become.

Developing an identity that includes excelling in science may be more
challenging for some students than others. The culture of science is foreign
to many students, both mainstream and nonmainstream, and the challenges
of science learning may be greater for students whose cultural traditions are
discontinuous with the ways of knowing characteristic of science and school
science (Cobern, 1996; Jegede and Okebukola, 1991; Lee, 1999). It is also
true, however, that nonmainstream students frequently bring values and prac-
tices to the classroom that can be seen as continuous with scientific prac-
tices. However, such experiences that could serve as intellectual resources
for new learning in science classrooms may not be easily recognized.

The challenge for these students in learning science is “to study a West-
ern scientific way of knowing and at the same time respect and access the
ideas, beliefs, and values of non-Western cultures” (Snively and Corsiglia,
2001, p. 24). The ability to make cultural transitions is critically important to
nonmainstream students’ academic success. Giroux (1992), among others,
has used the notion of border crossing to describe this process. To succeed
academically, nonmainstream students must learn to negotiate the bound-
aries that separate their own cultural environments from the culture of sci-
ence and school science (Aikenhead, 2001; Jegede and Aikenhead, 1999).

Even within the cultural mainstream, relatively few children’s primary
socialization is so science-oriented as to be perfectly continuous with the
demands of school science. Thus, border crossing between the culture of
science and the culture of the everyday world is demanding for all students
in science classes (Driver et al., 1994). At times, students may find them-
selves caught in conflicts between what is expected of them in science classes
and what they experience at home and in their community. If they appear
too eager or willing to engage in science inquiry, they may find themselves
estranged from their family or peers. If they appear reluctant to participate,
they risk marginalization from school and subsequent loss of access to learn-
ing opportunities. Although some students may successfully bridge the cul-
tural divide between home and school, others may become alienated and
even actively resist learning science.

In order to manage these differences, a child from a marginalized cul-
ture may temporarily adopt an identity for science learning experiences (Heath,
1982). Better understanding how children come to integrate science into
their existing culture, rather than temporarily adopting an identity, may make
it possible to create formal and informal science learning environments that
are more accessible and meaningful.
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Classrooms That Promote Productive Participation

Findings from research on motivation, attitudes, and identity converge
with findings from research on engagement with science to highlight the
importance of the classroom in fostering productive participation. Engle and
Conant argue that the preconditions for productive disciplinary engagement
involve providing appropriately challenging activities, allowing students to
take authority over their learning but making sure that their work can be
scrutinized by others (teachers and students), and using criteria acceptable
to scientific disciplines (e.g., logical consistency, explanatory power). In ad-
dition, students need to have access to the resources they need (texts, labo-
ratory equipment, recording devices) to evaluate their claims and communi-
cate them to others.

One study (Cornelius and Herrenkohl, 2004) explicitly employed the
notion of productive disciplinary engagement and connected it to analyses
of participant structures and discourse. In their study of a pair of sixth grade
girls investigating sinking and floating, the researchers found evidence that
the students took an active role in generating ideas, engaging in scientific
argumentation with their peers, and learning how to use persuasive dis-
course to convince others of the validity of those ideas.

Other studies have demonstrated that K-8 students in both urban and
suburban public schools can engage in such scientific activities as investi-
gating floating and sinking (Herrenkohl et al., 1999; Lee and Fradd, 1996;
Palincsar et al., 2001; Varelas, Luster, and Wenzel, 1999); ecology (Hogan
and Corey, 2001; Rosebery, Warren, and Conant, 1992); the classification
and growth of plants and animals (Brown, Reveles, and Kelly, 2005; Lehrer
and Schauble, 2004; Lehrer et al., 2000; Warren and Rosebery, 1996); mo-
tion down inclined planes (Lehrer et al., 2000); and density functions of
material kind (Lehrer et al., 2001).

Most of the above studies employed ethnographic case analyses of a
small number of classrooms or groups of students. A few studies employed
a mixture of quantitative and qualitative analyses (Herrenkohl and Guerra,
1998; Lee and Fradd, 1996; Palincsar et al., 2001). The smallest number of
studies focused on students in grades K-2 (e.g., Lehrer, Schauble, and
Petrosino, 2001); the largest number of studies examined students in grades
5 or 6.

These studies tend to define disciplinary engagement differently and
tend to employ different tasks or focus on different participant populations,
making it difficult to easily summarize results across studies (other than to
show that young children, poor students, and students with mild disabilities
are capable—under the right conditions—of high-level disciplinary engage-
ment with scientific concepts and procedures in formal educational settings).
Most of the studies reviewed demonstrate that disciplinary engagement can
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be achieved, but few appear to demonstrate productive disciplinary engage-
ment (notable exceptions include Herrenkohl et al., 1999; Lehrer et al., 2001;
Palincsar et al., 2001; Rosebery, Warren, and Conant, 1992).

CONCLUSIONS

As this chapter illustrates, science learning involves much more than indi-
vidual cognitive activity. It is an inherently social and cultural process that
requires mastery of specialized forms of discourse and comfort with norms of
participation in the scientific community of the classroom. However, the rules
for engaging in arguments and evaluating evidence that students learn in their
everyday lives are sometimes dissimilar and even contradictory to those em-
ployed in science. Students often need support or explicit guidance to learn
scientific norms for interacting with peers as they argue about evidence and
clarify their own emerging understanding of science and scientific ideas. Genuine
scientific argumentation with peer-to-peer interaction is rarely observed in
science classrooms. Instead, teachers tend to dominate in a pattern of the
teacher posing a question, the students responding, and the teacher following
with an evaluative comment. Supporting argument in the science classroom
requires a departure from this typical pattern.

Variations in students’ cultural and linguistic backgrounds translate into
quite different learning histories and stances toward science. Making the
norms and patterns of thinking in science visible in the classroom is one
approach to supporting science learning in diverse student populations.
Another is to capitalize on the continuities between students’ everyday think-
ing, knowledge, and resources and those of practicing scientists.

For all students, motivation and attitudes toward science play an impor-
tant role in science learning. Becoming proficient in science requires stu-
dents to actively engage in scientific tasks and participate in scientifically
meaningful ways. Willingness to participate is shaped by students’ own be-
liefs, their previous experience with science, and aspects of the science
classroom. For example, students’ belief in their ability in science, the value
they place on science, their desire to master science, and their interest in
science all have consequences for the quality of their engagement in the
classroom and subsequent learning.

In turn, instruction can be designed in ways that foster a positive orien-
tation toward science and promote productive participation in science class-
rooms. Such approaches include offering choice, providing meaningful tasks
and an appropriate level of challenge, giving students authority over their
learning while making sure their work can be examined by others, and
making sure they have access to the resources they need to evaluate their
claims and communicate them to others.
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PART i

Supporting Science Learning

In the preceding chapters we have developed a complex picture of
student learning in science. It shows that children come to school with pow-
erful and sophisticated ways of reasoning about the material world that
enable them to function effectively in many arenas. It also shows that their
reasoning is limited in important ways; it is based on a limited range of
experiences, and it lacks the predictive and explanatory power of expert
scientific reasoning. Finally, this picture shows that with appropriate instruc-
tion children can make significant progress toward more sophisticated sci-
entific reasoning, and we know some key principles that inform the design
of that instruction. These results are products of a sustained dialogue among
developmental and education researchers.

However, this research dialogue and its results have not significantly
influenced science education policy and practice. This is in part because
science education policy and practice are legitimately concerned with issues
that are peripheral to the research dialogue; for example, by what scientific
knowledge is most valued by the American public. In many cases, it is clear
that policy and practice could be more effective if they were influenced by
the research. Curriculum documents and textbooks fail to recognize the
importance of children’s prior experience, underestimating both their ca-
pacities for reasoning and the difficulties posed by scientific conceptions. In
instruction, knowledge and practice are separated in ways that diminish the
power of scientific reasoning. Teachers must often rely on models of instruc-
tion that are demonstrably ineffective. Clearly, children in America would
benefit if policy makers, curriculum developers, and practitioners made more
effective use of research results.
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One key reason that policy makers and practitioners fail to do this is the
complexity and fragmentation of the research literature. The studies we re-
view in this report, drawn from a range of literatures, were mostly short in
duration and limited in scope, focusing on a few students or a few class-
rooms, learning about some small part of the vast domain of science. These
studies are also embedded in a research discourse that is complicated and
often inaccessible to nonspecialists. There are reasons for the difficulty of
the discourse. Science learning really is complex, and the research on learn-
ing cannot be reduced to a few “what works” bullet points without losing
much of its value.

In Part ITI, we begin to take up the challenge of interpreting research on
learning so as to inform policy and practice in science education. We begin
in Chapter 8 with a proposal for reorganizing the K-8 science curriculum in
a way that is more aligned with current understanding of children’s learning
in science. The hallmark of this approach is the investigation of a smaller set
of core ideas and practices in science over an extended period of time.
Instructional sequences that weave together the four strands and thereby
coordinate conceptual learning with science practices and discourse require
adoption of curriculum and assessment models that function over months,
years, and grade bands.

In Chapter 9, we turn to a consideration of instruction and assessment.
Our review of the research on learning combined with the four-strand frame-
work has implications for how one thinks about the design of the classroom
learning environment. Research on learning shows how important it is to
include learning opportunities that develop children’s abilities to obtain and
reason with evidence, to develop and evaluate explanations, to develop and
evaluate standards of evidence, to represent and communicate scientific data
and ideas, and to engage in argumentation practices. Thus, although we
argue in Part II that children are very capable learners, this does not pre-
clude the fact that carefully thought out instructional supports and media-
tion are needed to help develop scientific practices and ways of knowing.

In Chapter 10 we broaden our view to consider the knowledge and
tools that teachers need in order to enact high-quality instruction. We ana-
lyze the knowledge base of current in-service K-8 science teachers, and we
describe what these teachers would need to know about science, teaching,
and learning in order to teach science as we have discussed it in this report.
We also examine the means of advancing teacher knowledge through a
range of opportunities to learn. These include programs of professional de-
velopment, workplace learning, and use of instructional systems that pro-
vide clear instructional guidance for teachers and provide them with timely
feedback on their teaching and strategies for improvement.
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Learning Progressions

Main Findings in the Chapter:

e Many standards and curricula contain too many disconnected topics
that are given equal priority. Too little attention is given to how stu-
dents’ understanding of a topic can be supported and enbanced from
grade to grade. As a result, topics receive repeated, shallow coverage
with little consistency, which provides a fragile foundation for further
knowledge growth.

e Findings from research about children’s learning and development
can be used to map learning progressions in science. That is, one can
describe the successively more sophisticated ways of thinking about a
topic that can follow and build on one another as children learn about
and investigate a topic over a broad span of time (e.g., 6 to 8 years).

e Steps in these progressions are constrained by children’s knowledge
and skill with respect to each of the four strands. Reaching the hypo-
thetical steps described in the progressions is also dependent on teach-
ers’ knowledge and the effectiveness of their instructional practices.

e [Learning progressions are a promising direction for organizing Sci-
ence instruction and curricula across grades K-8. However, further
research and development is needed to identify and elaborate the pro-
gressions of learning and instruction that can support students’ un-
derstanding of these core ideas across the disciplines of science.

Science learning presents a special challenge to educators because of

both the diversity and the complexity of mature scientific knowledge and
the fact that it rests on organized conceptual frameworks and sophisticated
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knowledge construction and evaluation practices that are fundamentally dif-
ferent from the concepts and meaning-making practices that children bring
to school. Although children bring a wealth of resources to the science
learning task (see Part ID), those resources must be built on, enriched, and
transformed if they are to learn science with understanding. One challenge
is to understand what is most important to teach (given limited time and
resources) at the K-8 level: What might be the most important “core ideas”
that both empower students to understand the distinctive value of science
and prepare them for further learning in science? Another challenge is to
understand the pathways—or learning progressions—by which children can
bridge their starting point and the desired end point. Given the complexity
and counterintuitive nature of the end point, such learning must necessarily
occur over a long period of time, work on multiple fronts, and require
explicit instruction. Yet at present, curriculum sequences are not typically
guided by such long-term vision or understanding, nor is there clear agree-
ment, given the wealth of scientific knowledge, about what might be truly
foundational and most important to teach.

In this chapter we develop the idea of learning progressions as an ap-
proach to research synthesis that could serve as the basis for a dialogue that
includes researchers, assessment developers, policy makers, and curriculum
developers. Learning progressions are descriptions of the successively more
sophisticated ways of thinking about a topic that can follow one another as
children learn about and investigate a topic over a broad span of time (e.g.,
6 to 8 years). They are crucially dependent on instructional practices if they
are to occur. In the chapter we (a) discuss key characteristics of learning
progressions, contrasting them with current approaches to defining curricu-
lum and assessment and describing some of the challenges in developing
them; (b) use current work on a learning progression as an example of both
the problems and possibilities in this approach; and (¢) discuss implications
and further questions.

CURRENT APPROACHES
IN POLICY AND PRACTICE

At present, most decisions about instruction and curriculum sequences
in science have not been guided by a long-term understanding of learning
progressions that are grounded in the findings of contemporary cognitive,
developmental, education, and science studies research (much of this re-
search is reviewed in Part ID). Two approaches that have influenced policy
and practice are (1) approaches characterizing learning in terms of science
process skills and (2) approaches to listing important conceptual knowledge
in standards documents.

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

LEARNING PROGRESSIONS 215

Science Process Skills

Some scope and sequence suggestions that have been influential in the
design of elementary science curricula and texts (e.g., the task analyses of
the processes of science and of learning done by psychologist Gagne, which
led to the sequence of process skills proposed by the curriculum Science: A
Process Approach in the 1960s) are based more on rational task analyses
than on findings about how children learn meaningful scientific concepts.
These proposed “learning hierarchies” focused on building competence with
domain-general processes rather than helping children build frameworks of
interrelated science concepts. They had an appeal to teachers and curricu-
lum developers because they broke complex tasks down into simpler ele-
ments, identified 14 basic process skills that were proposed to develop in a
certain sequence and to underlie scientific thinking, and provided many
specific exercises for children to practice these skills. But because they ig-
nored the crucial role of meaning, content, and context and treated science
instead as a series of disembodied “skills,” they were often carried out as
meaningless procedures (Baroody et al., 2004; Mintzes, Wandersee, and Novak,
1997). For example, children practiced making observations of a variety of
types or making measurements without a concern for understanding what
they were observing or measuring. As we have shown in Chapter 5, knowl-
edge is intimately intertwined with scientific reasoning.

Ultimately, however, children failed to develop meaningful understand-
ing under science-as-process instructional programs, and researchers recog-
nized how little these domain-general “skills” actually generalized. Another
criticism of these scope and sequence proposals was that they were based
on faulty developmental assumptions about children’s reasoning and learn-
ing capacities (e.g., that young children are concrete rather than abstract
thinkers and capable only of observation rather than explanation; Metz, 1995;
see our discussion in Chapter 3). Consequently, only a small subset of sci-
ence process skills (e.g., observing, measuring, predicting) were practiced in
the early elementary grades, with more advanced skills (e.g., formulating
hypotheses, controlling variables, interpreting data) introduced only in the
upper elementary and middle school grades, and many other important sense-
making practices of science (practices involving modeling, representation,
discourse, and argumentation) were omitted entirely. Given that current re-
search has highlighted the interaction between domain-specific knowledge
and reasoning, the importance of modeling, representational practices, and
discourse in promoting conceptual understanding, and the capacity of young
children to engage in a wide range of these meaning-making practices, a
very different approach to describing learning sequences is needed, one that
that is more centrally grounded in building an understanding of conceptual
frameworks (see discussion of this issue in Part ID.
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Although Gagne’s original formulation of science as a collection of
content-free process has largely been rejected by science educators, its legacy
persists in both policy and practice. Many textbooks and curriculum docu-
ments still have separate sections on scientific inquiry, science processes, or
“the scientific method.” Many classroom teachers follow the lead of these
resources, teaching skills and inquiry techniques separately from the con-
ceptual content of their courses.

Curriculum Standards

Other approaches to guiding curriculum include writing national, state,
and district science standards. These standards are an important start (at
codifying values), but they generally were based on values and the personal
experiences of their writers rather than research on children’s learning or
detailed conceptual analyses of scientific knowledge and practice. Current
national, state, and district standards do not provide an adequate basis for
designing effective curriculum sequences for several reasons. First, they con-
tain too many topics without providing guidance about which topics may be
most central or important. National standards such as the National Science
Education Standards (NSES) (National Research Council, 1996) or Bench-
marks for Science Literacy (American Association for the Advancement of
Science, 1993) do help to pare down the number of science topics to be
covered. However, they still retain many more topics than can be covered
and do not identify the most central or important topics. For example, a
comparison of the NSES with curriculum in high achieving countries that
participated in the Third International Mathematics and Science Study (TIMSS)
reveals that the NSES call for much broader coverage of topics with little
sequencing across grades (Schmidt, Wang, and McKnight, 2005). Second,
they typically present the key ideas as simple declarative statements without
explaining how those understandings need to be grounded in experience
with the material world or in reasoning practices. Third, they are not se-
quenced in ways that recognize research on the development of children’s
understanding. Project 2061’s Atlas of Science Literacy (American Associa-
tion for the Advancement of Science, 2001) does provide a guide for inter-
connection between important concepts in science with some sequencing.
The analysis is based primarily on the structure of knowledge in the disci-
plines of science with some attention to what scientific ideas children can
understand at a given grade level. We propose a sequencing that is more
deeply informed by research on children’s learning such that the sequences
are grounded also in what we know about the ideas children bring to the
classroom that can form the foundation for developing understanding of
scientific ideas. As we explain later in the chapter, these foundational ideas
sometimes do not closely resemble the scientific ideas they can support.
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Fourth, while they recognize the central role of involving students in the
culture of scientific practice to build scientific knowledge, they do not fully
articulate how students’ participation in science practices can be integrated
with learning about science concepts. Finally, although many standards docu-
ments include at least the first three of the four strands of scientific profi-
ciency that we use to organize this report, these strands are generally de-
scribed separately, so the crucial issue of how advances in one strand are
linked to and support children’s learning in the other strands is not ad-
dressed.

Curriculum and Instruction in K-8 Science Classrooms

As currently described and enacted in U.S. K-8 science classrooms, cur-
riculum—the sequence and series of tasks and assignments posed to stu-
dents—rarely builds cumulatively and in developmentally informed ways,
from students’ early knowledge and resources toward scientifically accepted
theories and concepts. Although there are some curricular materials that
pursue this approach, they tend to cover a limited slice of content and are
often restricted in duration to periods spanning a few to several weeks of
instruction. It is highly unlikely that brief periods of uncoordinated instruc-
tion are going to achieve the goal of helping students generate a scientifi-
cally informed epistemology, a deep and well-structured knowledge base,
and a firm understanding of the purposes and methods of science.

Analyses of science curricula in the United States indicate that they are
generally poorly designed for the purpose of effective knowledge building.
Evaluations recently conducted under the leadership of the American Asso-
ciation for the Advancement of Science (AAAS) Project 2061 staff suggest
that the major commercial textbook series, which do at least take a multiyear
perspective to sequencing instruction, have major flaws of various kinds,
including content, motivation, and attention to student prior conceptions
(Kesidou and Roseman, 2002). The AAAS analysis indicates that curriculum
is rarely framed around the big ideas. Indeed, the big ideas are largely lost in
the curriculum. Roseman, Kesidou, Stern, and Caldwell (1999), authors of
the AAAS report, concluded (p. 2):

[Tlhe textbooks covered too many topics and didn’t develop any of them
well. In addition, the texts included many classroom activities that either
were irrelevant to learning key science ideas or didn’t help students relate
what they were doing to the underlying ideas.

Valverde and Schmidt’s (1997) comparison of U.S. science curriculum
with the 10 countries performing best on the tests of science achievement in
the Trends in International Mathematics and Science Study provide further
support for the AAAS conclusions, as well as the results of these curricular
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patterns on student learning. They found that U.S. science curricula consti-
tute a relatively extreme case of broad and superficial coverage, with little
attention to building links across concepts. The U.S. science texts covered
many more topics than the texts of the high-achieving countries.
In their words, “breadth of topics is presented in these textbooks at the
expense of depth of coverage. Consequently, U.S. textbooks are limited to
perfunctory treatment of subject matter” (p. 62). More specifically, Valverde
and Schmidt point to the failure of U.S. science curriculum to build connec-
tions between the abundant knowledge pieces presented in the curriculum
and the resultant epistemic messages this conveys about the structure of the
discipline (pp. 62):

The unfocused curriculum of the United States is also a curriculum of very
little coherence. . . . U.S. textbooks and teachers present items one after the
other from a laundry list of topics from state and local district guides . . . .
This is done with little or no regard for establishing the relation between
various topics or themes on the list. The loss of these relationships between
ideas encourages children to regard these disciplines as no more than dis-
jointed notions that they are unable to conceive of as belonging to a disci-
plinary whole.

An increasingly popular approach to science curriculum in U.S. school
districts is the use of science kits. Individual kits may provide students
with a 6- or 8-week experience that, in some cases, provides a coherent set
of experiences that build logically. While kits can bring some coherence to
science curriculum (at least at the level of the unit), the cumulative effect
of a kit-based approach to science can be very problematic. In many cases,
students receive a series of brief exposures to a collection of unrelated
topics (the rainforest, rocks and minerals, weather) presented in modular
units or kits. The sequence of presentation hardly matters, as the ideas do
not build in any meaningful way. Although we know of no research that
has explicitly probed the learning research base of kits, their presentation
of science topics as essentially interchangeable and noncumulative raises
serious concerns. Kit-based curricula appear to be sensitive to a number of
practical concerns, including variability in standards from locale to locale,
so that a teacher can never count on a student’s having knowledge prereq-
uisite to a new set of concepts. It also maximizes flexibility, so that teach-
ers with low content knowledge can easily skip over topics that are too
unfamiliar. However, it also sacrifices the potential long-term benefits of
carefully crafted curricula that strategically build on student skills and their
knowledge base.

Curriculum needs restructuring to much more adequately support build-
ing robust science knowledge. It is not sufficient to teach lots of pieces of
science knowledge. The curricular scaffolding of robust knowledge in the
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form of cohort knowledge structures, organized around core ideas, is critical
for supporting science proficiency (see Chapter 4 for discussions of concep-
tual change and building knowledge structures). K-8 science curriculum needs
to much more adequately build robust science knowledge of this form.

Deciding how research can guide standards and curriculum has also
proved to be a difficult process. Which studies are trustworthy? Should one
take evidence that few students have learned a concept at a given age as
evidence that few students can learn? Conversely, should one take evidence
of successful teaching in a few classrooms as justification for including con-
tent in standards?

DEFINING LEARNING PROGRESSIONS

Learning progressions are descriptions of the successively more sophis-
ticated ways of thinking about a topic that can follow one another as chil-
dren learn about and investigate a topic over a broad span of time (e.g., 6 to
8 years). They are crucially dependent on instructional practices if they are
to occur. That is, traditional instruction does not enable most children to
attain a good understanding of scientific frameworks or practices, but there
is evidence that the proposed learning sequences could occur with appro-
priate instructional practices.

The more effective instructional practices aim to build understanding
through involving students in a variety of practices, including gathering data
through observation or experiment, representing data, reasoning—with one-
self and others—about what data mean, and applying key ideas to new
situations. At the same time, bringing about understanding of scientific frame-
works is difficult, so innovative instructional practice is most effective when
sustained over a period of time. The timescale of most innovative teaching
interventions has typically been relatively short (on the order of 2 or 3 months
for a specific topic). Thus, our ideas about longer term learning progressions
are conjectural—ideas about how understanding could be developed given
sustained and appropriate instructional practices—while at the same time
based on research syntheses and open to empirical investigation in future
research. That is, they are plausible hypotheses, greatly constrained by the
findings of research. More specifically:

e Learning progressions are anchored on one end by what is known
about the concepts and reasoning of students entering school. There is
now a very extensive research base at this end (see Chapter 3), although
much of it is not widely known or used by the science education com-
munity, which often relies on older (outdated) characterizations of pre-
school and elementary schoolchildren’s competence from the (earlier) de-
velopmental literature.

Copyright © National Academy of Sciences. All rights reserved.



Taking Science to School: Learning and Teaching Science in Grades K-8
http://www.nap.edu/catalog/11625.html

220

TakiNG SciENCE To ScHooL

e At the other end, learning progressions are anchored by societal ex-
pectations (values) about what society wants middle school students to un-
derstand about science. They are also constrained by research-based con-
ceptual and social analyses of the structure of the disciplinary knowledge
and practice that is to be learned. Analysis of disciplinary knowledge is
important in helping to identify the core ideas in science—those of greatest
explanatory power and scope—that it may be most important to teach, be-
cause they provide central frameworks for further learning. Examples of
such core ideas are the atomic-molecular theory of matter and evolutionary
theories of life’s diversity. In addition, analysis of disciplinary knowledge
helps identify the network of ideas and practices on which those core ideas
rest, and hence what will be important component ideas to develop as part
of their construction.

e Learning progressions propose the intermediate understandings be-
tween these anchor points that are reasonably coherent networks of ideas
and practices and that contribute to building a more mature understanding.
It is important to note that some of the important precursor ideas may not
look like the later ideas, yet they crucially contribute to their construction.
For example, realizing that objects are composed of materials and have
some properties because they are made of that material is a critical first step
toward understanding atomic-molecular theory. By thinking hard about what
initial understandings need to be drawn on in developing new understand-
ings, learning progressions highlight important precursor understandings that
might otherwise be overlooked by teachers and educators.

The intellectual exercise of constructing learning progressions requires
one to synthesize results from disparate (often short-term) studies in ways
that begin to address questions of how longer term learning may occur;
learning progressions suggest priorities for future research, including the
need for engaging in longer term studies based on best bets suggested by
these research syntheses; and they present research results in ways that
make their implications for policy and practice apparent. Ultimately, well-
tested ideas about learning progressions could provide much needed guid-
ance for both the design of instructional sequences and large-scale and
classroom-based assessments.

Key Characteristics

The learning progression approach has four characteristics that are mostly
absent from accounts of domain-general developmental sequences and cur-
rent standards documents.
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e Use of the current research base: We suggest that learning progres-
sions should make systematic use of current research on children’s learning
(reviewed in Part 1D to suggest how well-grounded conceptual understand-
ing can develop. For more on how the research can be used, see the ex-
ample developed below.

o [Interconnected strands of scientific proficiency: Learning progressions
consider the interaction among the strands of scientific proficiency in build-
ing understanding (know, use, and interpret scientific explanations of the
natural world; generate and evaluate scientific evidence and explanations;
understand the nature and development of scientific knowledge; participate
productively in scientific practices and discourse) and always involve stu-
dents with meaningful questions and investigations of the natural world.

e Organization of conceptual knowledge around core ideas: Learning
progressions recognize that the first strand of scientific proficiency (under-
standing and using scientific explanations) involves far more than learning
lists of facts. Scientific understanding is organized around conceptual frame-
works and models that have broad explanatory power. The purpose of con-
cepts is to extend understanding—to allow one to predict, understand, and
explain phenomena one experiences in the world—as well as to solve im-
portant problems. It is therefore important to explicitly recognize these frame-
works and to help children develop them through instruction that involves
model building and conceptual change.

e Recognizing multiple sequences and web-like growth: Learning pro-
gressions recognize that all students will follow not one general sequence,
but multiple (often interacting) sequences around important disciplinary-
specific core ideas (e.g., atomic-molecular theory, evolutionary theory, cell
theory, force and motion). The challenge is to document and describe paths
that work as well as to investigate possible trade-offs in choosing different
paths.

Design Challenges

In the development of learning progressions that are research-based
and reflect the variety of ways that children can learn meaningfully about a
topic, there are three challenges, none of which can be completely over-
come with the existing research base: (1) describing a student’s knowledge
and practice at a given point in the learning progression, (2) describing a
succession of ways students can understand a topic that show connections
between ways and respect constraints on their learning abilities, and (3)
describing the variety of possibilities for meaningful learning for students
with different personal and cultural resources or different instructional histo-
ries. We discuss each of these challenges below.
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We wish to develop descriptions of students’ knowledge and practice
that will ultimately include all four strands of scientific proficiency (see Box
2-1) and that recognize the complex organization of meaningful scientific
knowledge and practice. Furthermore, we would like to describe children’s
knowledge and practice in ways that help us to see the continuities—and
the discontinuities—between the reasoning of children of different ages.
Inevitably, these descriptions must fail in some way; no organizational scheme
can fully capture the organization of a child’s knowledge or its connections
with her practices, with systems and phenomena in the material world, and
with developmental changes over time. The various approaches to describ-
ing core ideas and strands in children’s reasoning discussed in this book
represent various compromises that emphasize some aspects of the organi-
zation of their reasoning while obscuring others.

In addition to describing children’s knowledge and practice at a given
age, learning progressions aspire to describe how that knowledge and prac-
tice could change over time, with successive understandings representing an
achievable advance from earlier ones. This presents multiple challenges. We
wish to describe both continuities and discontinuities in children’s thinking,
as well as successional trends over time. The choices we make will inevita-
bly emphasize some of those continuities and discontinuities while obscur-
ing others. In addition, each phase must represent an achievable advance
from the one before. The strongest evidence for a suggested advance comes
in the form of teaching experiments that demonstrate how students can
move from one set of understandings to the next or longitudinal studies
showing systematic progressions in students’ understanding. When this kind
of empirical evidence is not available, we can suggest stages that represent
reasonable advances across all four strands of scientific proficiency.

Finally, no single learning progression will be ideal for all children,
since they have different instructional histories, bring different personal and
cultural resources to the process of learning science, and learn in different
social and material environments. The best learning progressions are those
that make effective use of the resources available to different children and in
different environments. This is the challenge that we are farthest from re-
sponding to effectively with the current research base.

INITTAL WORK ON LEARNING PROGRESSIONS

What might such long-term learning progressions look like? Recently,
two design teams that were composed of scientists, science educators, and
experts on children’s learning were asked to use existing research to con-
struct possible learning progressions for two important theories in natural
science: the atomic-molecular theory (Smith et al., 2004) and evolution (Lehrer,
Catley, and Reiser, 2004). These two theories are unquestionably core ideas
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in modern science for many reasons. Each is well tested, validated, and
absolutely central to its discipline. Each integrates many different findings
and has exceptionally broad explanatory scope. Each is the source of coher-
ence for many key concepts, principles, and even other theories in the dis-
cipline. Each provides insight into the development of the field, guides new
research, and can be understood in progressively more complicated ways.
Each enables creative links to be made between disciplines. For example,
atomic-molecular analyses are important in physics, chemistry, biology, and
geology. In that way, understanding and describing matter at an atomic-
molecular level is truly foundational for later learning in any science. Evolu-
tionary theory is also integrative of many disciplines, ranging from genetics
to ecology and geology, and foundational to all aspects of modern biology,
geology, and psychology.

Significantly, there were important similarities in the approaches taken
by the two design teams that resonate with findings from current research
and that might prove valuable to other (future) design efforts. First, the
learning progressions were organized around big ideas of disciplinary im-
portance—major theoretical frameworks in modern science—rather than very
abstract or domain-general core ideas, such as systems, interactions, model,
and measurement, that are considered important cross-cutting themes in the
science standards documents. This disciplinary approach fits with the in-
creasing recognition of the importance of specific content and context in
thinking and learning and the power of theories to define and organize
understandings of particular domains, something that domain-general ideas
by their nature don’t have the power to do (see Chapters 3, 4, and 5 for
discussions of conceptual knowledge and its role in scientific thinking).

Second, both design teams identified a number of high-level (abstract)
ideas that go into building these disciplinary core ideas, but which, unlike
the scientific theories themselves, were more accessible at the start of school-
ing. These foundational ideas, although not elaborated or well-tested theo-
ries themselves, can nonetheless be a source of coherence, providing a frame-
work for organizing children’s learning of new facts, inquiry, and explanation.
Thus, both the atomic-molecular theory and the theory of evolution were
seen as emergent core ideas, creative syntheses that required the progres-
sive elaboration and transformation of these foundational ideas as they were
increasingly grounded in empirical data, integrated, and intercoordinated
with each other. In these ways, both design teams acknowledged that even
young children have important domain-specific ideas that serve as a founda-
tion for their learning and that the development of complex scientific ideas
involved both continuities and discontinuities in children’s thinking (two
themes discussed in Chapters 3 and 4).

For example, although the idea of evolution via natural selection is a
complex emergent idea, it builds on and integrates a wide variety of ideas that
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are accessible to investigation even by young children, including ideas about:

(a)  Biodiversity: The existence of different kinds of living things (i.e.,
the diversity of species);

(b))  Structure/function (adaptation): Living things have structures that
serve important biological functions (and hence can promote
adaptation);

(©)  Ecology/interrelationships: Living things populate a habitat and
interact with other things in that habitat (e.g., predator/prey
relationships);

(d  Variation: Individuals (within a species) vary in their properties;

(e) Change in living things can occur at different scales of time and
organization (e.g., growth is change in individuals over the life
cycle; populations may also change in characters across multiple
generations); and

() Geologic processes: The earth has changed in regular ways over
time (e.g., mountain formation, erosion, layering of sediments,
volcanic eruptions; fossils found trapped in different layers of the
earth provide clues about the earth’s past).

In the case of the atomic-molecular theory, although the very notions of
atoms, molecules, chemical substance, and chemical and physical change
are complex emergent ideas, even children entering school make a distinc-
tion between objects and the materials they are made of, are elaborating on
their knowledge of the properties of objects and materials, and thus have
resources for beginning to explain why objects have the characteristics they
do and for beginning to track some underlying constancies and changes in
objects and materials across various transformations (e.g., dividing into pieces,
reshaping).

Third, in keeping with the science-as-practice models discussed earlier,
both design teams recognized that understanding an idea involves engaging
in a wide range of practices that support using and developing that idea.
Hence it was important to specify the nature of those practices, both in order
to support the design of effective learning environments and appropriate
assessments of student learning. These practices are of a wide variety of
sorts, including being able to use ideas to question, describe, classify, iden-
tify, predict, measure/compare, explain, represent (or symbolize) ideas and
data using a variety of cultural tools, design studies, evaluate ideas/make
arguments, etc. Furthermore, although it was recognized that practices would
become more complex and intercoordinated in the course of learning, even
young children were seen as able to engage with a rich set of practices right
from the start (see Chapter 3). Thus, in contrast to the skill progressions
outlined in Science: A Process Approach, the focus was on meaning-making
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(knowledge construction) practices enacted and supported in a cultural con-
text (not isolated, disembodied skills), with explanation, evaluation, and
symbolization recognized as central practices right from the start.

Finally, both design teams assumed that understanding of the core ideas
of science also involves understanding their epistemology (i.e., the data
patterns and knowledge construction and evaluation practices that serve to
give rise to those core ideas) and that even young children would have
some initial epistemological ideas that could be built on, enriched, and trans-
formed in the course of science learning (see Chapters 3 and 6). Hence the
foundational ideas used to structure the learning progressions included foun-
dational epistemological ideas as well as the foundational domain-specific
ideas previously discussed. In the case of the learning progression for evolu-
tion, those epistemological ideas were characterized as of two broad sorts:
(1) ideas about forms of argument (which would be elaborated over the
learning progression to include understanding of both model-based and
historical arguments) and (2) knowledge of specific mathematical and repre-
sentational tools that can be used to enrich one’s descriptions of nature
(which would be elaborated to include the tools of measurement, data cre-
ation, representations of distributions, Venn diagrams, cladograms, etc.). In
the case of the learning progression for the atomic-molecular theory, the
designers focused on the elaboration of the core epistemological ideas of
measurement, models, and evaluation of ideas using data and argument.

Including important foundational ideas about epistemology (to be built
on and elaborated in the course of the learning progressions) is in keeping
with current research findings that children have a capacity for metacognitive
reflection: that is, they can ask themselves not only “What do T know?” or
“What should T do?” but “How do I know?” “Why should T do it?” Further-
more, there is increasing evidence that flexible and adaptive use of practices
is greatly aided by explicit understanding of the reasons for those practices.
Current research also makes clear that these deeper epistemological under-
standings do not come for free with the mere use of practices (Roth, 2002).
Rather, they require explicit reflection and discussion of these issues. Signifi-
cantly, recognizing the importance of engaging students with these issues
has led to changes in how the practices themselves are taught.

This work on constructing learning progressions is new, still partial and
incomplete, and has not had a chance to be discussed and critiqued by the
larger community. We present one example in greater detail her