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Many of us learned science in school by studying textbooks that re-
ported the conclusions of what scientists have learned over the decades. To
know science meant to know the definitions of scientific terms and impor-
tant discoveries of the past. We learned that an insect has three body parts
and six legs, for example, and that water (H

2
O) is a molecule composed of

two hydrogen atoms and one oxygen atom. We learned that the planets in
our solar system revolve around the sun and that gravity holds us to the
earth. To be good at science meant to reproduce such information as accu-
rately and completely as possible. The focus of this kind of instruction was
on what scientists know.

Of course, many of us were also introduced to “the scientific method.”
This typically involved some variation on steps such as “formulate a hypoth-
esis, devise a way to test the hypothesis, conduct your test, form conclusions
based on your findings, and communicate what you have found.” Often
information about the scientific method was simply one more set of facts to
be memorized. But some of us were given opportunities to use the scientific
method to perform hands-on experiments. We might have tested whether
wet or dry paper towels could hold the most weight; whether potential
insulators such as aluminum foil, paper, or wool were the best ways to keep
a potato hot; and so forth. This emphasis on the scientific method was
designed to provide insights into how scientists know. Much of this science
instruction—both the “what” and the “how”—was inconsistent with the prin-
ciples highlighted in How People Learn (see Chapter 1).

Two major national efforts conducted during the last decade have pro-
vided new guidelines and standards for creating more effective science edu-
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398 HOW STUDENTS LEARN: SCIENCE IN THE CLASSROOM

cation. The new guidelines include an emphasis on helping students de-
velop (1) familiarity with a discipline’s concepts, theories, and models; (2)
an understanding of how knowledge is generated and justified; and (3) an
ability to use these understandings to engage in new inquiry.1 At first glance,
the traditional science instruction described above appears to fit these guide-
lines quite well. The first (emphasis on familiarity with a discipline’s con-
cepts, theories, models) appears to focus on what scientists know; the sec-
ond (emphasis on understanding how knowledge is generated and justified)
how they know. If we let students engage in experimentation, this appears
to comport with the third guideline (emphasis on an ability to engage in
new inquiry). Like Lionni’s fish (see Chapter 1), we can graft the new guide-
lines onto our existing experience.

But both the new guidelines and the principles of How People Learn
suggest a very different approach to teaching. Simply telling students what
scientists have discovered, for example, is not sufficient to support change
in their existing preconceptions about important scientific phenomena.2  Simi-
larly, simply asking students to follow the steps of “the scientific method” is
not sufficient to help them develop the knowledge, skills, and attitudes that
will enable them to understand what it means to “do science” and partici-
pate in a larger scientific community. And the general absence of metacognitive
instruction in most of the science curricula we experienced meant that we
were not helped in learning how to learn, or made capable of inquiry on our
own and in groups. Often, moreover, we were not supported in adopting as
our own the questioning stance and search for both supporting and conflict-
ing evidence that are the hallmarks of the scientific enterprise.

The three chapters that follow provide examples of science instruction
that are different from what most of us experienced. They are also consis-
tent with the intent of the guidelines of the National Research Council3  and
the American Association for the Advancement of Science,4 as well as the
principles of How People Learn. The authors of these chapters do indeed
want to help students learn what scientists know and how they know, but
they go about it in ways that are quite different from more traditional sci-
ence instruction.

The three chapters focus, respectively, on light (elementary school),
physical forces such as gravity (middle school), and genetics and evolution
(high school). They approach these topics in ways that support students’
abilities to (1) learn new concepts and theories with understanding; (2)
experience the processes of inquiry (including hypothesis generation, mod-
eling, tool use, and social collaboration) that are key elements of the culture
of science; and (3) reflect metacognitively on their own thinking and partici-
pation in scientific inquiry. Important principles of learning and instruction
are discussed below.
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PRINCIPLE #1: ADDRESSING PRECONCEPTIONS
It is often claimed that “experience is the best teacher.” While this is

arguably true in many contexts, what we learn from our experience varies
considerably in terms of its generality and usefulness. With respect to sci-
ence, everyday experiences often reinforce the very conceptions of phe-
nomena that scientists have shown to be limited or false, and everyday
modes of reasoning are often contrary to scientific reasoning.

Everyday Concepts of Scientific Phenomena

Students bring conceptions of everyday phenomena to the classroom
that are quite sensible, but scientifically limited or incorrect. For example,
properties are generally believed to belong to objects rather than to emerge
from interactions.5  Force, for instance, is seen as a property of bodies that
are forceful rather than an interaction between bodies.6  As described in
Chapter 10, students believe objects to “be” a certain color, and light can
either allow us to see the color or not. The notion that white light is com-
posed of a spectrum of colors and that the specific colors absorbed and
reflected by a particular object give the object the appearance of a particular
color is not at all apparent in everyday experience. Scientific tools (prisms)
can break white light into colors. But without tools, students see only white
light and objects that appear in different colors (rainbows are an exception,
but for the untrained they are a magnificent mystery).

Students enter the study of science with a vast array of such preconcep-
tions based on their everyday experiences. Teachers will need to engage
those ideas if students are to understand science. The instructional challenge
of working with students’ preconceptions varies because some conceptions
are more firmly rooted than others. Magnusson and Palincsar (Chapter 10)
note that some elementary students in their classrooms believe that shadows
are “objects,” but this preconception is easily dispelled with fairly simple
challenges. Other preconceptions, such as the idea that only shiny objects
reflect light, require much more time and effort to help students change their
ideas.

It is important to remember that most preconceptions are reasonable
based on students’ everyday experiences. In the area of astronomy, for ex-
ample, there is a widespread belief that the earth’s seasons are caused by the
distance of the earth from the sun rather than by the angle of the earth’s axis
with respect to the sun, and it is very difficult for students to change these
preconceptions.7  Many experiences support the idea that distance from a
heat source affects temperature. The closer we stand to radiators, stoves,
fireplaces, and other heat sources, the greater is the heat.
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Interestingly, there are also experiences in which we can manipulate the
intensity of heat by changing the angle of a heat source—by pointing a hair
dryer on one’s head at different angles, for example. But without the ability
to carefully control distance from the head or the tools to measure small
changes in temperature (and without some guidance that helps people think
to do this experiment in the first place), the relationship between heat and
angle with respect to the heat source can easily be missed.

Everyday Concepts of Scientific Methods,
Argumentation, and Reasoning

Students bring ideas to the classroom not only about scientific phenom-
ena, but also about what it means to “do science.” Research on student
thinking about science reveals a progression of ideas about scientific knowl-
edge and how it is justified.8  The developmental sequence is strikingly simi-
lar to that described in Chapter 2 regarding student reasoning about histori-
cal knowledge. Scientific knowledge is initially perceived as right or wrong.
Later, discrepant ideas and evidence are characterized as “mere opinion,”
and eventually as “informed” and supported with evidence.9  As in history,
the sequence in science is more predictable than the timing. Indeed, many
students may not complete the sequence without instructional support. In
several studies, a large proportion of today’s high school students have been
shown to be at the first stage (right or wrong) when thinking about various
phenomena.10

Research has also explored students’ reasoning regarding scientific ex-
perimentation, modeling, the interpretation of data, and scientific argumen-
tation. Examples of conceptions that pose challenges for understanding the
scientific enterprise are summarized in Box 9-1. While research findings
have been helpful in identifying problematic conceptions, less is known
regarding the pace at which students are capable of moving along the devel-
opmental trajectory, or undergoing conceptual change, with effective in-
structional experiences. The chapters that follow provide many compelling
examples demonstrating the kinds of changes in student thinking that care-
fully designed instructional experiences can support.

Conceptual Change

How People Learn emphasizes that instruction in any subject matter that
does not explicitly address students’ everyday conceptions typically fails to
help them refine or replace these conceptions with others that are scientifi-
cally more accurate. In fact, the pioneering research that signaled the tenac-
ity of everyday experience and the challenge of conceptual change was
done in the area of science, especially physics.11  One of the pioneers was
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Jim Minstrell, a high school physics teacher and author—along with Pamela
Kraus—of Chapter 11. That chapter begins with Minstrell describing an ex-
perience in his classroom that prompted him to rethink how he taught phys-
ics. He was teaching about universal gravitation and forces at a distance. He
found that his students did reasonably well when asked to compute force
based on “what if” questions involving a change in the distance of an object
from a planet. He found, however, that when asked to think qualitatively
about the situation, most of his students were basing their thinking on ideas
that were reasonable from their everyday perspective, yet widely discrepant
from the ways physicists have learned to think about these situations. For
example, when Minstrell asked students to assume that there was no air or
friction affecting an object pulling a weight, a number of the students of-
fered that everything would just float away since that is how things work in
outer space.

Minstrell notes that this experience raised fundamental questions in his
mind, such as what good it is to have students know the quantitative relation
or equation for gravitational force if they lack a qualitative understanding of
force and concepts related to the nature of gravity and its effects. It became
clear that simply teaching students about abstract principles of physics pro-
vided no bridge for changing their preconceptions. Minstrell and Kraus dis-
cuss ways of teaching physics that are designed to remedy this problem. A
study suggesting the advantages of assessing student preconceptions and
designing instruction to respond to those preconceptions is summarized in
Box 9-2.

The authors of all three of the following chapters pay close attention to
the preconceptions that students hold about subject matter. For example,
the elementary school students discussed by Magnusson and Palincsar (Chap-
ter 10) had had many years of experience with light, darkness, and shad-
ows—and they brought powerful preconceptions to the classroom. The high
school students discussed by Stewart, Cartier, and Passmore (Chapter 12)
came with many beliefs about genetics and evolution that are widespread
among the adult population, including the beliefs that acquired characteris-
tics can be passed on to offspring, and that evolution is purposeful and
proceeds toward a specific goal.

The authors of each chapter focus on issues of conceptual change as a
major goal for their instruction. This view of learning is quite different from
the more traditional view that learning simply involves the addition of new
facts and skills to an existing knowledge base. Understanding scientific knowl-
edge often requires a change in—not just an addition to—what people no-
tice and understand about everyday phenomena.12

The chapters that follow focus specifically on creating conditions that
allow students to undergo important changes in their thinking and noticing.
Everything from the choice of topics to be explored to the procedures for
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BOX 9-1 Student Conceptions of Knowledge Generation and
Justification in Science

Research into students’ thinking about scientific knowledge and processes
reveals some common misconceptions and limited understandings (sum-
marized by AAAS13 ):

• Experimentation: Upper elementary- and middle-school stu-
dents may not understand experimentation as a method of testing ideas,
but rather as a method of trying things out or producing a desired out-
come.14  With adequate instruction, it is possible to have middle school
students understand that experimentation is guided by particular ideas
and questions and that experiments are tests of ideas. . . . Students of all
ages may overlook the need to hold all but one variable constant, al-
though elementary students already understand the notion of fair com-
parisons, a precursor to the idea of “controlled experiments”15 . . . . Stu-
dents tend to look for or accept evidence that is consistent with their
prior beliefs and either distort or fail to generate evidence that is incon-
sistent with these beliefs. These deficiencies tend to mitigate over time
and with experience.16

• Models: Middle school and high-school students typically think
of models as physical copies of reality, not as conceptual representations.17

They lack the notion that the usefulness of a model can be tested by com-
paring its implications to actual observations. Students know models can

hypothesis testing and discussion contributes to the successful achievement
of this goal. For example, Magnusson and Palincsar note that the study of
light allows children to see the world differently and challenge their pre-
conceptions. The examples discussed in the chapters on physics and genet-
ics also illustrate many rich opportunities for students to experience and
understand phenomena from new perspectives. Such opportunities for stu-
dents to experience changes in their own noticing, thinking, and under-
standing are made possible because of another feature of the programs
discussed in these chapters: they all integrate content learning with inquiry
processes rather than teaching the two separately. This point is elaborated
below.
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be changed but changing a model for them means (typical of high-school
students) adding new information or (typical of middle-school students)
replaing a part that was made wrong (p. 26).

• Interpretation of Data: Students of all ages show a tendency
to uncritically infer cause from correlations.18  Some students think even
a single co-occurance of antecedent and outcome is always sufficient to
infer causality. Rarely do middle-school students realize the indetermi-
nacy of single instances, although high-school students may readily real-
ize it. Despite that, as covariant data accumulate, even high-school stu-
dents will infer a causal relation based on correlations. Further, students
of all ages will make a causal inference even when no variation occurs in
one of the variables. For example, if students are told that light-colored
balls are used successfully in a game, they seem willing to infer that the
color of the balls will make some difference in the outcome even without
any evidence about dark-colored balls.

• Inadequacies in Arguments: Most high-school students will
accept arguments based on inadequate sample size, accept causality from
contiguous events, and accept conclusions based on statistically insig-
nificant differences.19 More students can recognize these inadequacies
in arguments after prompting (for example, after being told that the con-
clusions drawn from the data were invalid and asked to state why).20

PRINCIPLE #2: KNOWLEDGE OF WHAT IT MEANS
TO “DO SCIENCE”

Feynman characterized the scientific method in three words: observa-
tion, reason, and experiment.21  Einstein emphasized the importance of imagi-
nation to scientific advancement, making it possible for the reasoning that
follows observation to go beyond current understanding. This view of sci-
ence extolled by some of its greatest minds is often not recognizable in
classroom efforts to teach students how to do science.

We have noted that in the past, teaching the processes, not just the
outcomes, of science often involved no more than memorizing and repro-
ducing the steps of an experiment. However, even when science instruction
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BOX 9-2 Diagnosing Preconceptions in Physics

A computer-based DIAGNOSER program was designed to help teachers elicit and
work with student preconceptions in physics.22 The program assesses students’
beliefs about various physical phenomena and provides recommended activities
that help students reinterpret phenomena from a physicist’s perspective. The teacher
uses the feedback from DIAGNOSER to guide instruction.

Data were collected for students of three teachers at Mercer Island School
who used the program and were compared with data for students in a comparable
school where the program was not used in physics instruction. Data were col-
lected on Miller Analogies Test math scores for students from both schools, so
that individual students were compared with others who had the same level of
mathematics achievement. In the figure below, the math scores for both groups
on the same mechanics final exam are plotted. The results suggest that students’
understanding of important concepts in physics was substantially better in the
Mercer Island school, and this result was true for students at all mathematics
achievement levels.
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is shifted in the direction of engaging in scientific inquiry (as is happening
more frequently in today’s classrooms), it can be easy to emphasize giving
students “recipes for experiments”—hands-on activities that students engage
in step by step, carefully following instructions, using measurement tools,
and collecting data. These lockstep approaches shortchange observation,
imagination, and reasoning. Experimenting may mean that students are asked
to conduct a careful sequence of activities in which the number of quarters
a wet and dry paper towel can hold is compared in multiple trials, and data
are carefully collected and averaged. Yet the question that needs investiga-
tion is often unclear, and the reasoning that would lead one to think that
either a wet or a dry paper towel would be stronger can remain a mystery to
students. As in specific content areas in science, information about the enter-
prise of science can be passed along to students without an opportunity for
them to understand conceptually what that enterprise is about. Indeed, many
students believe that everything they learn in science classes is factual; they
make no distinction between observation and theory.23

The science programs discussed in the following chapters represent a
very different approach to scientific inquiry. They do not involve simply
setting aside “inquiry time” during which students conduct experiments that
are related in some way to the content they are learning. Instead, students
learn the content by actively engaging in processes of scientific inquiry.
Students may still learn what others have discovered about a phenomenon
(see Magnusson and Palincsar’s discussions of helping students learn from
“second-hand knowledge”). But this is different from typical textbook exer-
cises because the value of reading about others’ discoveries is clear to stu-
dents—it helps them clarify issues that arise in their own inquiry. Reading to
answer a question of interest is more motivating than simply reading be-
cause someone assigned it. It also changes how people process what they
read.24

Opportunities to learn science as a process of inquiry (rather than sim-
ply having “inquiry times” that are appended to an existing curriculum) has
important advantages. It involves observation, imagination, and reasoning
about the phenomena under study. It includes the use of tools and proce-
dures, but in the context of authentic inquiry, these become devices that
allow students to extend their everyday experiences of the world and help
them organize data in ways that provide new insights into phenomena.25

Crucial questions that are not addressed by lockstep experimental exercises
include the following: Where do ideas for relevant observations and experi-
ments come from in the first place? How do we decide what count as rel-
evant comparison groups? How can sciences (e.g., astronomy, paleontol-
ogy) be rigorously empirical even though they are not primarily experimental?
Definitions of what counts as “good science” change as a function of what is
being studied and current theorizing about the ideas being investigated. A
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simple but informative example of how definitions of good scientific meth-
ods depend on knowledge of the conceptual issues one is studying is pro-
vided in Box 9-3.

One of the most important aspects of science—yet perhaps one of the
least emphasized in instruction—is that science involves processes of imagi-
nation. If students are not helped to experience this for themselves, science
can seem dry and highly mechanical. Indeed, research on students’ percep-
tions of science indicates that “they see scientific work as dull and rarely
rewarding, and scientists as bearded, balding, working alone in the labora-
tory, isolated and lonely.26  Few scientists we know would remain in the field
of science if it were as boring as many students believe.

Generating hypotheses worth investigating was for Einstein an extremely
important part of science, where the “imagination of the possible” played a
major role. Nobel Laureate Sir Peter Medawar also emphasizes the role of
imagining the possible:

Like other exploratory processes, [the scientific method] can
be resolved into a dialogue between fact and fancy, the
actual and the possible; between what could be true and
what is in fact the case. The purpose of scientific enquiry is
not to compile an inventory of factual information, nor to
build up a totalitarian world picture of Natural Laws in which
every event that is not compulsory is forbidden. We should
think of it rather as a logically particular structure of justifi-
able beliefs about a Possible World—a story which we
invent and criticize and modify as we go along, so that it
ends by being, as nearly as we can make it, a story about
real life.27

The importance of creative processes in the conduct of science can also
be understood by exploring the types of reasoning and investigative choices
that have made some scientific investigations particularly productive and
feasible. For example, Mendel’s critical insight about the discrete nature of
heredity was a consequence of his selecting peas for his experiment (see
Box 9-4). Other major advances in understanding heredity were equally
dependent on scientists finding an approach to investigation that would
allow the complexity of the world to be sufficiently simplified to uncover
fundamental relationships.28 This very engaging dimension of the scientific
enterprise is hidden when students’ inquiry experience is limited to the
execution of step-by-step experiments.

The chapters that follow present a variety of ways to help students
experience the excitement of doing science in a way that does justice to all
stages of the process. The authors describe experiences that allow students
to see everyday phenomena with new eyes. They provide opportunities for
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both inventing and testing models of invisible processes, adopting and some-
times adapting tools to make the invisible visible. Students reason about
relationships between theory and data. Furthermore, they do so by creating
classroom communities that simulate the important roles of scientific com-
munities in actual scientific practice.29  This involves paying careful attention
to the arguments of others, as well as learning the benefits of group interac-
tion for advancing one’s own thinking.

PRINCIPLE #3: METACOGNITION
The third principle of How People Learn emphasizes the importance of

taking a metacognitive approach to instruction. Much of the research on
metacognition focused on the comprehension of text (see Chapter 1) clearly
applies to science, where texts can be quite complex and difficult for many
students to comprehend. However, more recent research targeted specifi-
cally to the monitoring of and reflection on scientific reasoning has also
shown promising effects.

A striking example is the work of White and Frederiksen (see Box 9-5),
who designed a physics inquiry curriculum called ThinkerTools. The cur-
riculum uses inquiry instruction to engage students in investigations that
allow them to confront their misconceptions and develop a scientific under-
standing of force and motion. Students taught with the ThinkerTools cur-
riculum displayed a deeper conceptual understanding than students taught
with a traditional curriculum. This advantage remained even when the
ThinkerTools students were in inner-city schools and were compared with
students in suburban schools, and when the ThinkerTools students were
several years younger. White and Frederiksen later extended the curriculum
to include a metacognitive component—what they refer to as “reflective
assessment.” Students taught with the curriculum including this metacognitive
component outperformed those taught with the original curriculum. Gains
were particularly striking for lower-achieving students.

Another study, by Lin and Lehman,30 demonstrates that metacognitive
instruction can be effective for college students. In their experiments, stu-
dents learned about strategies for controlling variables in a complex science
experiment that was simulated via computer. As they studied, some received
periodic questions that asked them to reflect on—and briefly explain—what
they were doing and why; others did not receive these questions. On tests of
the extent to which students’ knowledge transferred to new problems, those
in the metacognitive group outperformed those in the comparison groups.

The authors of the following chapters do not necessarily label their
relevant instructional moves as “metacognitive,” but they emphasize helping
students reflect on their role in inquiry and on the monitoring and critiquing
of one’s own claims, as well as those of others. They also emphasize that
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BOX 9-3 Evaluating the Methods Used in an Experiment

Imagine being asked to evaluate the following experiment and
conclusions:

A group of biologists compare data from across the world
and note that frogs seem to be disappearing in an alarming
number of places. This deeply concerns them, because the
frogs may well be an indicator species for environmental
changes that could hurt us all. The biologists consider a num-
ber of hypotheses about the frogs’ disappearance. One is that
too much ultraviolet light is getting through the ozone layer.

One group of researchers decides to test the ultraviolet light
hypothesis. They use five different species of frogs—an equal
number of male and female. Half of the frogs receive constant
doses of ultraviolet light for a period of 4 months; this is the
experimental group. The other half of the frogs—the control
group—are protected so they receive no ultraviolet light.

At the end of the 4 months, the biologists find that there is
no difference in death rates between the frogs in the experi-
mental and control groups. This finding suggests that ultra-
violet light is probably not the cause of the frogs’ demise.

What do you think about the biologists’ experiments and
conclusions? Are there questions you would want to ask be-
fore accepting their conclusions? Are there new experiments
that you would want to propose?

This problem has been addressed by hundreds of individuals in classes
and workshops.31 Many of these individuals know a considerable amount
about experimental design and typically note a number of strengths and
weaknesses about the experiment. Strengths include the fact that it had
an experimental/control design that involved several different species of
frogs, used stratified random sampling, and so forth. Weaknesses include
such concerns as the possibility that the doses of ultra-violet light that
were used were too weak; that the light was provided for too short a time
(i.e., only 4 months); or that the experimenters did not wait long enough
to see the effects of the ultraviolet light, so maybe they should have looked
at differences in illness between the two groups rather than comparing
the death rates.
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Such concerns are valid and relatively sophisticated, but they reflect
a lack of knowledge about general principles of biology—principles that
raise serious questions about the preceding experiment. In particular, very
few people question the fact that only adult frogs were used in the ex-
periment (multimedia materials viewed by participants showed clearly that
the frogs were all adults). To understand potential environmental effects
on a species, one must look at the life cycle of the species and attempt to
identify points in that cycle where the species might be the most vulner-
able. For example, when DDT endangered eagles, it did so not by killing
the adults but by making the egg shells so brittle that they broke before
the offspring could hatch. Overall, what counts as an adequate experi-
mental or empirical design is strongly affected by the current state of
knowledge of a particular field. Learning about “the scientific method” in
the abstract fails to help students grasp this important idea.

An interesting side note is that people who have participated in the
preceding demonstration have been asked whether they ever studied life
cycles in school. Almost all have said “yes”; however, they learned about
life cycles as isolated exercises (e.g., they were asked to memorize the
stages of the life cycle of a fly or mosquito) and never connected this
information to larger questions, such as the survival of a species. As a
consequence, the idea of life cycles had never occurred to them in the
context of attempting to solve the above problem.

In Chapter 1, Bruner’s ideas32  about curriculum organization are dis-
cussed; those ideas are highly relevant in this context. For example, he
cautions against teaching specific topics or skills without clarifying their
context in the broader fundamental structure of the field; rather, students
need to attain an understanding of fundamental principles and ideas. Those
presented with the frog problem may have learned about life cycles, but
their teachers and texts did not explain the importance of this information
in the broader structure of the field of knowledge. To paraphrase White-
head,33 knowledge that was potentially important for exploring the frog
problem remained “inert.”
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BOX 9-4 The Proof Was in the Peas

Gregor Mendel’s major contribution to the field of genetics rested on his choice of
peas. Many famous men at the time were conducting experiments in plant breed-
ing, but no general principles had emerged from these experiments. Typically they
involved plant organisms that differed on a variety of dimensions, and the off-
spring were found to be intermediate or, in rare cases, more like one parent plant
than the other.

Mendel chose peas for certain critical features: they have both male and fe-
male structures and are generally self-fertilizing, but their structure makes it pos-
sible to prevent self-fertilization (by removing the anthers before they mature).
Numerous varieties of peas were available that differed on certain discrete dimen-
sions; Mendel chose varieties with seeds that were green or yellow, smooth or
wrinkled, etc. When the peas were cross-fertilized, they consistently showed one
of the two characteristics. When plants with smooth and wrinkled seeds were
crossed, they consistently had offspring with smooth seeds. This result suggested
that one characteristic is, in Mendel’s term, dominant. But when these offspring
were self-fertilized and produced their own offspring, characteristics of each of
the original parent plants appeared in members of the new generation. The stun-
ning conclusion—that offspring carry genetic information that is recessive but can
nonetheless be passed along to future generations—represented a major advance.

To appreciate Mendel’s contribution is not just to know the terms he used and
the experimental procedures he followed, or even the outcome of his work. It is to
understand as well the important role played by his experimental design, as well
as the reasoning that led him to design a productive experiment.

being metacognitive about science is different from simply asking whether
we comprehend what we read or hear; it requires taking up the particular
critical lens through which scientists view the world.

Magnusson and Palincsar provide excellent examples of how
metacognitive habits of mind for science require different kinds of questions
than people typically ask about everyday phenomena. For example, they
note that for young children and for many adults, the assumption that things
are as they appear seems self-evident. But science is about questioning the
obvious. When we do this, unexpected discoveries often come to light. For
example, a scientific mindset suggests that the observation that shiny things
reflect light needs to be explained, and this requires explaining why dull
objects do not reflect light. As these issues are investigated, it becomes clear
that the initial assumption was wrong and that dull objects do indeed reflect
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light—but at a level that is not always obvious in our everyday experiences.
As Magnusson and Palincsar note:

Engaging children in science, then, means engaging them in
a whole new approach to questioning. Indeed, it means
asking them to question. . . . It means questioning the
typical assurance we feel from evidence that confirms our
prior beliefs, and asking in what ways the evidence is
incomplete and may be countered by additional evidence.

The authors of Chapters 11 and 12 also place a great deal of emphasis
on helping students become aware of ways in which scientific inquiry goes
beyond peoples’ everyday ways of interacting with their environment. The
authors attempt to help students compare their personal “ways of knowing”
with those developed through centuries of scientific inquiry. Helping stu-
dents understand the tendency of us all to attempt to confirm rather than
rigorously test (and possibly refute) our current assumptions is one example
of a metacognitive approach to science instruction. The approach is deep-
ened when we help students learn why and how to create models of phe-
nomena (especially the invisible aspects of phenomena) that can then be
put to an empirical test.

The following chapters emphasize another aspect of metacognition as
well: helping students learn about themselves as learners. The authors de-
scribe classroom activities and discussion that encourage students to reflect
on the degree to which they contribute to or detract from group processes,
and on the degree to which efforts to communicate findings (e.g., in writing)
uncover “holes” in one’s thinking that otherwise might remain invisible.

The authors’ decisions about the topics they discuss (light, force and
gravity, genetics and evolution) were guided in part by the opportunities
these topics provide to help students think differently not only about the
subject matter, but also about how they “know,” and how their everyday
approaches to knowing compare with those scientists have developed over
the last few centuries.

THE HOW PEOPLE LEARN FRAMEWORK
As noted in Chapter 1, authors of the chapters in this volume were not

asked to tie their discussion explicitly to the framework of How People Learn
that suggests classrooms should be learner-centered, knowledge-centered,
assessment-centered, and community-centered. Nevertheless, it can be use-
ful to see how this framework applies to their work.
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BOX 9-5 Reflective Assessment in ThinkerTools

ThinkerTools is an inquiry-based curriculum that allows students to ex-
plore the physics of motion. The curriculum is designed to engage stu-
dents’ conceptions, to provide a carefully structured and highly supported
computer environment for testing those conceptions, and to steep stu-
dents in the processes of scientific inquiry. The curriculum has demon-
strated impressive gains in students’ conceptual understanding and the
ability to transfer knowledge to novel problems.

White and Frederiksen34  designed and tested a “reflective assess-
ment” component that provided students with a framework for evaluat-
ing the quality of an inquiry—their own and that of others. The assess-
ment categories included understanding the main ideas, understanding
the inquiry process, being inventive, being systematic, reasoning care-
fully, applying the tools of research, using teamwork, and communicating
well. Students who were engaged in reflective assessment were com-
pared with matched control students who were taught with ThinkerTools,
but were asked to comment on what they did and did not like about the
curriculum without a guiding framework. Each teacher’s classes were
evenly divided between the two treatments. There were no significant
differences in students’ initial average standardized test scores (the Com-
prehensive Test of Basic Skills was used as a measure of prior achieve-
ment) between the classes assigned (randomly) to the different treat-
ments.

Students in the reflective assessment classes showed higher gains
both in understanding the process of scientific inquiry and in understand-
ing the physics content. For example, one of the outcome measures was
a written inquiry assessment that was given both before and after the
ThinkerTools inquiry curriculum was administered. This was a written test
in which students were asked to explain how they would investigate a
specific research question: “What is the relationship between the weight
of an object and the effect that sliding friction has on its motion?”35  Stu-
dents were instructed to propose competing hypotheses, design an ex-
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periment (on paper) to test the hypotheses, and pretend to carry out the
experiment, making up data. They were then asked to use the data they
generated to reason and draw conclusions about their initial hypotheses.

Presented below are the gain scores on this challenging assessment
for both low- and high-achieving students and for students in the reflec-
tive assessment and control classes. Note first that students in the re-
flective assessment classes gained more on this inquiry assessment. Note
also that this was particularly true for the low-achieving students. This is
evidence that the metacognitive reflective assessment process is benefi-
cial, particularly for academically disadvantaged students.
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Learner-Centered

All three of the following chapters place a great deal of emphasis on the
ideas and understandings that students bring to the classroom. Each begins
by engaging students in activities or discussions that draw out what they
know or how they know, rather than beginning with new content. Students
are viewed as active processors of information who have acquired concepts,
skills, and attitudes that affect their thinking about the content being taught,
as well as about what it means to do science. Like Lionni’s fish (see Chapter
1), students bring preconceptions to class that can shape (or misshape) learn-
ing if not addressed. These chapters engage students’ ideas so that they can
be reexamined, reshaped, and built upon.

Knowledge-Centered

Issues of what should be taught play a fundamental role in each of the
chapters that follow. While engaging in inquiry involves a great deal of
activity that is under students’ control, the authors are quite clear about the
knowledge that students need to acquire to understand the topic, and they
guide students’ inquiry to ensure that the necessary concepts and informa-
tion (including the terminology) are learned. The chapters emphasize both
what scientists know and how they know. But the authors’ approaches to
instruction make these more than lists of information to be learned and steps
to be followed.

Of particular importance, opportunities for inquiry are not simply tacked
on to the content of a course; rather, they are the method for learning the
content. This sets the stage for a number of important changes in science
instruction. Simply having students follow “the scientific method” probably
introduces more misconceptions about science than it dispels. First, differ-
ent areas of science use different methods. Second, as discussed above,
lockstep approaches to conducting science experiments exclude the aspects
of science that are probably the most gratifying and motivating to scien-
tists—generating good questions and ways to explore them; learning by
being surprised (at disconfirmations); seeing how the collective intelligence
of the group can supersede the insights of people working solely as indi-
viduals; learning to “work smart” by adopting, adapting, and sometimes
inventing tools and models; and experiencing the excitement of actually
discovering—and sharing with friends—something that provides a new way
of looking at the world.
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Assessment-Centered

The word “assessment” rarely appears in the three chapters that follow,
but in fact the chapters are rich in assessment opportunities. Students are
helped to assess the quality of their hypotheses and models, the adequacy of
their methods and conclusions, and the effectiveness of their efforts as learners
and collaborators. These assessments are extremely important for students,
but also help teachers see the degree to which students are making progress
toward the course goals and use this information in deciding what to do
next. It is noteworthy that these are formative assessments, complete with
opportunities for students (and teachers) to use feedback to revise their
thinking; they are not merely summative assessments that give students a
grade on one task (e.g., a presentation about an experiment) and then go on
to the next task.

Community-Centered

The dialogue and discussion in each of the following chapters indicate
that the teachers have developed a culture of respect, questioning, and risk
taking. Disconfirmation is seen as an exciting discovery, not a failure. A
diverse array of thoughts about issues and phenomena is treated as a re-
source for stimulating conversations and new discoveries—not as a failure
to converge immediately on “the right answer.” Discussions in class help
support the idea of a “learning community” as involving people who can
argue with grace, rather than people who all agree with one another (though,
as Magnusson and Palincsar suggest, this can take some time and effort to
develop).

CONCLUSION
While each of the three chapters that follow has much to offer in dem-

onstrating instructional approaches designed to incorporate important les-
sons from research on learning, we remind the reader that these chapters
are intended to be illustrative. As noted earlier, there are many ways to build
a bridge that are consistent with the principles of physics, and this is also
true of relationships between course design and general principles of learn-
ing. It is the intention of the following chapters to provide approaches and
ideas for instruction that other teachers may find useful in their own teach-
ing. Indeed, the approaches are ones that require of teachers a great deal of
responsiveness to their students’ ideas and thinking. Such approaches to
teaching will most likely succeed if teachers understand the principles that
drive instruction and incorporate them into their own thinking and teaching,
rather than making an effort to replicate what is described in the chapters
that follow.
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