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Previous studies have documented that middle school students have a limited “knowl-
edge unproblematic” epistemology of science (i.e., scientists steadily amass more
facts about the world by doing experiments) with no appreciation of the role played by
scientists’ ideas in guiding inquiry. An important question concerns to what extent
students this age and younger are ready to restructure their epistemological views to
focus on more “constructivist” issues: the conjectural, explanatory, testable, and re-
visable nature of theories. This study tests the claim that even elementary school stu-
dents can make significant progress in developing a more sophisticated,
constructivist epistemology of science, given a sustained elementary school science
curriculum that is designed to support students’ thinking about epistemological is-
sues. To assess the impact of elementary science experiences on students’
epistemological views, 2 demographically similar groups of 6th-grade students were
individually interviewed using the Nature of Science Interview developed by Carey
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and colleagues (Carey, 1991; Carey, Evans, Honda, Jay, & Unger, 1989). Both
groups had experienced sustained elementary science instruction; 1 taught from a
constructivist perspective and 1 taught from a more traditional perspective. We
found that students in the more traditional science classroom had developed a
knowledge unproblematic epistemology of the type previously reported by Carey et
al. (1989). In contrast, students in the constructivist classroom had developed an
epistemological stance toward science that focused on the central role ofideas in the
knowledge acquisition process and on the kinds of mental, social, and experimental
work involved in understanding, developing, testing, and revising these ideas. We
conclude that elementary schoolchildren are more ready to formulate sophisticated
epistemological views than many have thought. We discuss how these findings re-
late to the broader epistemological literature, and the features of the constructivist
classroom environment that may have supported the development of these sophisti-
cated understandings.

This study tests the claims that elementary school students (a) have coherent
epistemological commitments, and (b) can make significant progress in developing
a sophisticated, constructivist epistemology of science when taught science using a
constructivist pedagogy. Bgpistemology of scienceie are referring to the net-
work of ideas students have about how knowledge is acquired and justified in sci-
ence. By asophisticated, constructivist epistemologg, mean an epistemology in
which students are aware of the central role of ideas in the knowledge acquisition
process and of how ideas are developed and revised through a process of conjec-
ture, argument, and test. Bycanstructivist pedagogyye mean a pedagogy in
which students actively develop, test, and revise their ideas about how things work
through collaborative firsthand inquiry with their peers. Students also reflect on
their inquiry, and their inquiry and discussions are guided and scaffolded by a
knowledgeable teacher.

One important goal of the K-12 science curriculum, currently advocated both
by the National Research Council (1996) and the American Association for the
Advancement of Science (AAAS, 1993), is for students to develop a sophisticated
understanding of how knowledge is justified in science. This goal is important for
several reasons. More sophisticated epistemologies may contribute to better learn-
ing of science content (Hammer, 1994; Schommer, 1993; Songer & Linn, 1991)
and greater mastery of skills of argument (Honda, 1996; Kuhn, 1991; Sodian &
Schrempp, 1997). More sophisticated epistemologies may also contribute to the
development of informed citizens who understand the importance of reasoned ar-
gument in evaluating competing knowledge claims and who understand that the
existence of genuine controversies in science does not undermine the value of sci-
entific process and knowledge (Schwab, 1962). Yet, data from these and other
sources (e.qg., Driver, Leach, Millar, & Scott, 1996) indicate that many students do
not achieve such sophisticated epistemologies.
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DIFFICULTIES IN ACHIEVING THESE GOALS AMONG
ELEMENTARY AND MIDDLE SCHOOL STUDENTS AND
POSSIBLE REASONS FOR THESE DIFFICULTIES

Studies reviewed by Carey and Smith (1993) suggest that elementary and middle
school students have very limited, fact-based epistemologies of science in which
they make no explicit distinction between theory and evidence, let alone under-
stand the interplay between theories and evidence in complex cycles of hypothesis
testing.

For example, in the extensive scientific reasoning studies of Kuhn and col-
leagues (Kuhn, Amsel, & O’Loughlin, 1988), third-grade and sixth-grade students
gave evidence of confusing theory and evidence in a variety of ways. When asked
to provide evidence for their proposed theories, they often provided a further state-
ment of their theory rather than referring to specific evidence. When evaluating
their theories in light of specific evidence, they often ignored or overlooked evi-
dence that was disconfirming to their theories and generally had to change their
theories before they were willing to acknowledge the discrepant evidence. In re-
constructing their proposed theories and observed evidence, they tended to bring
the two into alignment, rather than acknowledge the discrepancies that had oc-
curred. Finally, they were generally unable to state what pattern of evidence would
disconfirm their theories.

More direct evidence that middle school students have limited epistemological
views comes from interview studies probing their conceptions of science (Carey,
Evans, Honda, Jay, & Unger, 1989) and scientific models (Grosslight, Unger, Jay,
& Smith, 1991). For example, when asked a series of general questions about how
scientists acquire their knowledge, seventh-grade students talked simply of doing
tests, finding cures, and making observations, with no discussion of the interplay
of ideas and evidence in the process. When asked about the nature and purpose of
scientific models, students described a model as a little replica of some concrete
thing, not as an abstract idea that guides the hypothesis-testing process. Further-
more, short-term teaching studies that have directly tried to teach these points
(Carey et al., 1989; Carey & Smith, 1993; Honda, 1994) have produced, at best,
modest changes in students’ views.

Why do middle school students have such a limited understanding of the differ-
ence between theory and evidence in science? Why is it so hard for them to appreci-
ate how theories guide the hypothesis-testing process even after participating in
curricula that directly address these issues? In answering these questions, three
kinds of explanatory factors need to be distinguished and considered. Students’ dif-
ficulties may stem from (a) limitations in their prior schooling experiences in sci-
ence; (b) aconceptual constraintimposed by their everyday epistemological views;
or (c) amore biologically based, general developmental constraint on their thinking
and reasoning. Let us consider the arguments for each kind of factor in turn.
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On the one hand, science educators and researchers (Carey et al., 1989; Chinn
& Malhotra, in press; Driver et al., 1996; Hodson, 1988; Metz, 1995; Nadeau &
Desautels, 1984) have noted the limited epistemology informing most science ed-
ucational practice as well as the limited opportunities students have to engage in
theory-guided firsthand inquiry. They question practices that ask students to carry
out recipe-like labs or activities without an understanding of the purpose of those
activities and that ask students to memorize facts without an understanding of the
framework informing those facts. Such educational practices tend to reinforce or
consolidate a limited fact-based epistemology rather than help students to tran-
scend it.

On the other hand, there is a burgeoning literature on students’ general
epistemological development (see Chandler, Boyes, & Ball, 1990; Hofer &
Pintrich, 1997; King & Kitchener, 1994, for reviews) in which it has been argued
that students start out with, at best, a limited, fact-based epistemology for thinking
about knowledge claims in their everyday life. If these views function as a frame-
work theory, then they should constrain the development of students’
epistemological thinking about science and other domains.

Most of this research on epistemological development has been done with high
school and college students. Students are typically presented with contrasting
views on some controversial issue. Then they are asked to formulate and defend
their own point of view, consider the status of the alternative point of view, and ex-
plain whether and how each controversy might be resolved. In all studies, there is
broad agreement about the nature of students’ starting epistemology (Hofer &
Pintrich, 1997). That is, students begin by assuming knowledge is both simple
(fact based) and certain. They do not justify beliefs based on an analysis of relevant
evidence or detailed argument; rather, they simply assert their beliefs or give an
authority-based justification. They do not acknowledge that differences of opinion
may stem from different perspectives or frameworks; rather, they assume that
these differences stem from inadequate knowledge, deception, or deceit, and will
ultimately be resolved when all the facts are known or when one looks at the facts
in an unbiased manner. Given that many high school students and noncollege-edu-
cated adults express such views, researchers have assumed that elementary school
students would espouse similar or even more simplistic views (Hofer & Pintrich,
1997). One study that used a similar methodology with sixth-grade children con-
firmed that they see controversies as stemming from differences in specific knowl-
edge rather than differences in interpretive framework (Kuhn et al., 1988).

Although we still know little about how to characterize elementary schoolchil-
dren’s epistemological views, the literature just mentioned suggests that they reston
ideas that are incommensurable with a sophisticated epistemology of science. If so,
mastering the Nature of Science standards proposed by the AAAS (1993) with its
notions of tentative, revisable, yet tested theories, would require students to restruc-
ture their epistemological concepts and to make fundamental conceptual changes.
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Would elementary schoolchildren be able to make these conceptual changes if
they were given extensive experiences in pursuing firsthand inquiry in science and
negotiating the meaning of their findings among a community of learners? If they
were able to make conceptual changes, what would their epistemology of science be
like? Would they be able to develop a sophisticated, constructivist epistemology in
which they appreciate that scientific knowledge is constructed through a process of
conjecture, argument, and test? Prior to this study, there has been no way to answer
that final question because the issues have not been directly investigated.

Some influential theorists of epistemological development have assumed that
elementary students are incapable of such understandings because they have
placed their work in Piagetian (Chandler, 1987) or neo-Piagetian (King &
Kitchener, 1994) developmental frameworks, which assume the existence of a bi-
ologically based, general developmental constraint on students’ thinking and rea-
soning. According to this view, elementary schoolchildren are “concrete” thinkers
(Chandler, 1987; Inhelder & Piaget, 1958). Although they are capable of engaging
in experimentation and learning from the observed results, they are incapable of
reasoning hypothetically, understanding a theory as a conjecture involving unseen
entities, examining the consistency of theoretical propositions, or deriving testable
implications from such hypothetical conjectures. Children’s initial absolutist
epistemologies are thus seen as reflecting the limitations of concrete operational
thought. Movement away from a fact-based and absolutist epistemology is an in-
herently late development, dependent on the achievement of formal operational
thought, and often requiring the challenging intellectual experiences provided by
college and graduate school. With the advent of formal operations, students be-
come capable of more complex forms of perspective taking and reasoning. They
are able to reflect on sets of beliefs of self and other, to identify these sets of beliefs
as perspectives, and to consider how these perspectives influence one’s interpreta-
tion of experience. These new abilities undermine students’ belief in absolute
truth1 They lead first to radical relativism, an epistemology in which all controver-
sies are seen as reflecting legitimate differences in perspective, each supported by
pieces of evidence, but with no means of resolving those differences. A more so-
phisticated constructivist view follows in which individuals are seen as “active
constructors of meaning, able to make judgments and commitments in a relativis-
tic context” (Hofer & Pintrich, 1997, p. 121). In King and Kitchener’s (1994) ex-

There is a disagreement between Chandler (1987) and King and Kitchener (1994) about the timing
of these shifts and the exact factors responsible for them. Chandler argued that the shift to radical relativ-
ist views occurs during adolescence as a consequence of the development of formal operational thought.
King and Kitchener argued that the shift generally occurs later during the college years. Although they
believed that formal operational abilities are necessary for this development, they also believed that
other kinds of educational experiences are needed to encourage the examination of epistemological is-
sues and assumptions.
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tensive studies, beliefs in absolute truth are typical for high school students, radical
relativist views are common during the college years, and more sophisticated
constructivist views are typical only among advanced graduate students, espe-
cially in the social sciences.

However, it is also possible that significant growth in epistemological thought
can occur during the elementary school years. Work in developmental psychology
over the last 20 years has shown that preschool and elementary schoolchildren
have much greater logical and intellectual sophistication than Piaget and other de-
velopmental theorists had assumed, calling into question the whole construct of
concrete and formal operational thought (see Carey, 1985a, and Metz, 1995, for re-
views). This work has established that even preschoolers make a distinction be-
tween their beliefs and reality and that during the elementary school years,
students become more aware of the role of their own cognitive processes (e.g., ac-
tive attention, rehearsal, and organization) in facilitating their ability to perceive
and remember events accurately (Wellman, 1990). Furthermore, a number of in-
novative curricular approaches have been devised for elementary school stu-
dents—approaches that challenge students to think deeply about subject matter
and to engage in authentic scientific inquiry as a community of learners (Brown &
Campione, 1994; Hennessey, in press; Herrenkohl & Guerra, 1998; Lehrer, Car-
penter, Schauble, & Putz, 2000; Metz, 2000; White, 1993). Students appear to
thrive in these environments and can engage in impressive discourse about their
ideas and the evidence for their ideas, at least with the scaffolding questions pro-
vided by their classroom teacher.

Thus, we believe the time is ripe to study what effects these more constructivist
classroom environments have on elementary school students’ epistemological un-
derstandings in science. Itis important to know to what extent elementary students
can begin to restructure their initial epistemological commitments and make prog-
ress in understanding theory, evidence, and the conjectural nature of scientific
knowledge. It is also important to understand what kind of intermediate under-
standings may emerge in these environments. This work provides an initial study
of the effects of one unusual elementary school curriculum on students’ under-
standing of how knowledge is created and justified in science.

EPISTEMOLOGIES OF SCIENCE AS DOMAIN-SPECIFIC
EPISTEMOLOGICAL THEORIES

Our framework for thinking about epistemological developmentis based on the as-
sumption that even young children’s concepts are organized in intuitive theories
(Carey, 1985b; Gopnik & Meltzoff, 1997; Smith, Maclin, Grosslight, & Davis,

1997; Wellman, 1990) and that concepts in these theories undergo conceptual
change (Carey, 1985b; Strike & Posner, 1985). This view assumes that young chil-
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dren can make use of abstract theoretical terms in generating explanations of every-
day phenomena and that some of their concepts are organized in fairly coherent ex-
planatory theories.

A leading example of such an early theory is preschoolers’ theory of mind
(Baron-Cohen, 1995; Gopnik & Meltzoff, 1997; Perner, 1991; Wellman, 1990),
which Wellman argued is theory-like in three respects: (a) its concepts (e.g., belief,
desire, mind, dream, imagine) are coherent and mutually interdefined, (b) these
concepts support making fundamental ontological distinctions (i.e., between the
mental and the physical), and (c) these concepts are part of an explanatory frame-
work (i.e., they are used to explain the behavior of others and the origins of mental
states). Note, too, that the concepts of belief, desire, and mind are not simple
observables. Rather they are hypothetical constructs that help to explain many ev-
eryday observations. There is, of course, no claim that children of this age have a
general concept of a theory or are aware of having a theory of mind. Nonetheless,
they appear to make use of theory-like structures in their everyday thinking and
reasoning.

Applying these ideas to epistemological development, we make the assumptions
thatchildrenfirstdevelop a specific theory of knowing withinthe framework of their
more general theory of mind between the ages of 4 and 6, and that they thengo onto
gradually complicate and restructure thattheory based on their experience with gen-
erating, evaluating, and resolving competing knowledge claims in different do-
mains. Because there are a number of domains in which elementary school students
encounter competing knowledge claims (e.g., everyday life; school learning con-
texts for different subject areas such as math, science, and history), we assume that
they can develop differentepistemological stancesin differentdomains. Atthe same
time, the epistemological ideas students develop in one domain can inform, or pro-
vide resources for, restructuring epistemological ideas in other domains.

This view of epistemological development is similar to the views expressed by
King and Kitchener (1994) and others in the general epistemological literature in
that it assumes: (a) that epistemological views are coherent structures in which
ideas about the nature of knowledge are related to ideas about how knowledge is
justified and (b) that these views are qualitatively restructured during develop-
ment. At the same time, it differs from these other views of epistemological devel-
opment in three important respects. First, it does not assume there is some
biologically based, general developmental constraint on epistemological develop-
ment of the type proposed by either Inhelder and Piaget (1958) or neo-Piagetians
such as Fischer (1980). Second, it situates elementary schoolchildren’s initial epis-
temology as a subtheory within their emerging theory of mind, a theory that is
thought to undergo significant development and elaboration during the elementary
school years (Montgomery, 1992; Wellman, 1990). Finally, it assumes that chil-
dren may develop different epistemological stances in different domains and that
some aspects of epistemological standards are domain specific. Thus, it is impor-
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tant to develop tools for assessing epistemological understandings in specific do-
mains to supplement tools that assess more general everyday epistemological
commitments, such as the Reflective Judgment Interview (King & Kitchener,
1994). In this way one can study the development of epistemological commit-
ments in different domains and examine how they may interact.

What specific concepts might inform students’ epistemological commitments
in the domain of science? Whereas the literature on everyday epistemological de-
velopment uses general terms for describing the structure of knowledge (e.g., facts
vs. views or viewpoints) and knowledge justification (e.g., authority-based vs. ar-
gument and evidence-based justification), more specific ideas are needed when
describing epistemological commitments in science. Scientists do not just have
views or viewpoints; they have specific theories that provide them with explana-
tory mechanisms and guide their generation of specific hypotheses. Furthermore, a
distinctive and central aspect of their approach to knowledge justification is a pro-
cess of designing experiments to test competing hypotheses.

Carey and Smith (1993) distinguished three qualitatively different
epistemologies of science, each of which involves a set of different concepts for
describing both the structure of scientific knowledge and the processes of knowl-
edge acquisition in scienédovement from one epistemology to another thus in-
volves making fundamental conceptual changes.

At Level 1, scientific knowledge is assumed to consist of a collection of true be-
liefs about concrete procedures (e.g., how to do something correctly) or basic facts
(e.g., what happens). Hence, students at this level make no clear distinction be-
tween scientists’ ideas and activities or between their ideas and experimental re-
sults. They view scientific knowledge as accumulating in piecemeal fashion
through simple telling or firsthand observation. They also view it as certain and
true. Because they view scientific knowledge as about what to do and what hap-
pens, they view experiments as providing certain information about what happens
or whether one’s procedure works.

At Level 2, scientific knowledge is assumed to consist of a collection of tested
ideas. The two new notions that emerge at this level are notions of explanation and
hypothesis testing. Students at this level view scientists as concerned with under-

2Intheirrecentbook, Driver etal. (1996) also identified and characterized a progression of three qual-
itatively different epistemological views that they called (a) phenomenon-based reasoning, (b) rela-
tion-based reasoning, and (c) model-based reasoning. These views are similar in many respects to the
three levels described by Carey and Smith (1993). We note, however, that the theoretical characteriza-
tions of Levels 1, 2, and 3 have been in a process of development, especially in terms of clarifying the
distinction between Levels 2 and 3. Some aspects of Driver et al.’s middle view (relation-based reason-
ing, a simple inductivist epistemology in which there is no appreciation of scientists’ concern with deep
explanation or of the difficulties of acquiring knowledge) appears closer to what we would now describe
as Level 1.5 than to Level 2. At Level 2, students are beginning to be aware that scientists develop hy-
potheses about underlying mechanisms and actively test these hypotheses via experiments.
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standing how things work or why things happen. They also view scientists as do-
ing experiments to test their ideas to see if they are right and as abandoning or
revising their ideas when they find out they are wrong. Both notions of explanation
and hypothesis testing require that students make a differentiation among scien-
tists’ ideas, activities, and experimental results (e.g., the purpose of an experiment
is to test a scientist’s idea; the purpose of an explanation is to account for an experi-
mental result). Although students appreciate that prior knowledge influences the
hypothesis-testing process, they still think absolute knowledge is obtainable with
enough diligence and effort. They make no distinction between scientists’ over-
arching theories and specific hypotheses.

At Level 3, scientific knowledge is believed to consist of well-tested theories
about the world, which are useful in explaining events and predicting the outcomes
of new events. A theory is understood as a coherent, explanatory framework that
consists of a network of hypothetical theoretical entities that are used to explain
patterns of data. Students at this level make an explicit distinction between the sci-
entist's guiding theories and more specific hypotheses. They view theories as
guiding all aspects of inquiry: the generation of hypotheses, the selection of meth-
ods, and the interpretation of data. They understand experimental results not only
as providing evidence for and against hypotheses, but also as providing support
(more indirectly) for and against theories. They also understand that theories, al-
though revisable in principle, are resistant to change and slow to evolve. Ulti-
mately, they judge canons of justification as framework relative and theories as
more or less useful rather than strictly right or wrong. Thus, although students at
Level 3 view scientific theories as providing rigorous standards for knowing and
understanding, they also understand that knowledge of reality is fundamentally
elusive and uncertain.

Carey and Smith (1993) noted that Level 1 ideas are consistent with what they
dubbed &nowledge unproblematic epistemoldgg., an epistemology in which
knowledge is regarded as true and certain), whereas Level 3 ideas clearly reflect a
knowledge problematic epistemolo@ye., an epistemology in which one under-
stands the tentative, framework-relative nature of knowledge). These two con-
trasting epistemologies are very similar to the starting (absolutist) and ending
(constructivist) epistemologies described in the general epistemological literature,
although a Level 3 epistemology includes specific reference to the conjectural na-
ture of explanatory theories and the role of indirect argument, evidence, and cycles
of hypothesis testing in their evaluation.

Level 2 heraldsthe firstemergence of some importantdomain-specificideas (sci-
ence as concerned with explanatory mechanism, experiments as ameans for hypoth-
esis testing) and represents one set of ideas that are transitional between these two
epistemologies. On the one hand, a concern with explanation and testing does not
immediately undermine one’s belief in the true and certain nature of knowledge
(e.g.,one can believe that explanations are simple inductions from data, and that ex-
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periments can definitely prove one’s hypothesis to be true). On the other, an ac-
knowledgment that scientists are concerned with explanation and testing can sow
seeds for appreciating the constructed, tentative nature of knowledge, especially as
students begin to realize the conjectural nature of scientific explanations.

The Nature of Science Interview, developed by Carey and her colleagues
(Carey, 1991; Carey et al., 1989), includes questions about the goals of science, the
nature of scientific questions, the role of experimentation in science, the role of
ideas in guiding experimentation, and the process by which scientists change their
ideas. Each question is scored for whether it was answered in terms of Level 1, 2,
or 3ideas. Average level scores are then computed for each major section of the in-
terview as well as across the whole interview.

To date, there have been two published studies with seventh-grade students
(Carey et al., 1989; Honda, 1994) using this instrument. The findings have been
similar in both studies: Seventh-grade students had average level scores of 1.0
across the interview. In addition, one study used the Nature of Science Interview
with 11th-grade students (Honda, 1994). Although the majority of 11th-grade stu-
dents gave Level 2 responses at some point in the interview, the overall average
level score was 1.39, still closer to Level 1 than Level 2.

In these studies, students also were interviewed following a brief curriculum
unit designed to develop Level 3 understandings. Students typically gained about
one-half level. Thus, for 7th graders the average posttest level score was 1.5, and
for 11th graders it was 1.89.

These studies did not directly test the notion that students with consistent Level
1 or Level 2 scores had multiple, different, mutually supportive Level 1 or Level 2
concepts. Further, the range of observed responses was very limited (mostly Level
1). In this study, we interviewed students who, because of their distinctive class-
room experiences, may have more to say on these topics. We propose to elaborate
on the coding system (to code for specific type of Level 1 or 2 concepts as well as
for the general level of those concepts) to test the hypothesis that students at each
level have distinct networks of mutually supportive ideas.

DEVELOPING A KNOWLEDGE PROBLEMATIC
EPISTEMOLOGY: OPPORTUNITIES FOR CONCEPTUAL
CHANGE IN THE ELEMENTARY SCHOOL CLASSROOM

Metz (1995) argued that the assumption that elementary schoolchildren are “con-
crete” thinkers has had a profound and limiting effect on the design of elementary
school science curricula. Often, in the name of being developmentally sensitive,
science curricula have focused on giving students practice with more concrete ob-
servation skills and ordering and classifying activities, rather than encouraging stu-
dents to devise and test their emerging theories.
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In recent years, a number of researchers, whose conception of the capabilities
of elementary school students differs from the conception thatinformed the curric-
ula just mentioned, have developed innovative elementary school curricular units
that involve students in firsthand inquiry about important topics in science (Brown
& Campione, 1994; Lehrer et al., 2000; Metz, 2000; White, 1993). Although these
units differ from each other in numerous respects, all were developed with a shared
commitment to a constructivist teaching pedagogy: a pedagogy that puts the pri-
mary focus on helping students to understand, test, and revise their ideas; a peda-
gogy that stresses the function of the social community in the negotiation of
meanings and the growth of knowledge; and a pedagogy that gives students in-
creasing responsibility for directing important aspects of their own inquiry. These
researchers have documented the extent to which elementary schoolchildren are
able to understand important explanatory ideas in scientific domains and are able
to engage in meaningful inquiry and discourse about their inquiry in the scaffolded
context of their classrooms. Yet no one has assessed via individual interviews
whether these curricula have brought about fundamental changes in students’ un-
derlying epistemological views.

In this context, Hennessey'’s curricular approach stands out as an extensive and
sustained attempt to teach elementary science from a coherent, constructivist per-
spective. As the sole science teacher for students in Grades 1 to 6, Hennessey had
the opportunity to develop a curricular approach (over the past 20 years) that cen-
ters around helping students develop their own ideas about the world and how it
works. Her approach works in three parallel areas—teaching for conceptual
change, promoting student metacognitive understandings, and engaging students
with deep domain-specific issues in science—and has been described by
Hennessey (in press) herself and by others who have directly observed her class-
room (Beeth, 1998; Beeth & Hewson, 1999a, 1999b).

Many interrelated pedagogical practices are part of her system of instructional
design (Hennessey, in press). In describing her practice, Hennessey characterized
the roles of the teacher, the student, the activities and tasks, and assessment. For
example, as a teacher, she uses many of the conceptual change teaching strategies
reported to be effective in the conceptual change literature, including (a) making
students aware of their initial ideas and finding ways for students to make their
ideas explicit, (b) encouraging students to clarify their ideas and to engage in
metacognitive discourse about ideas, (c) employing “bridging analogies” and “an-
chors” to help students consider and manipulate new ideas (Clement, 1993; Clem-
ent, Brown, & Zietsman, 1989), (d) encouraging students to apply new
understandings in different contexts, and (e) providing time for students to discuss
the nature of learning and the nature of science. The students’ role is to be actively
involved in personal meaning making. This role requires that students take respon-
sibility for representing their ideas, working to develop their ideas, monitoring the
intelligibility of their ideas, considering the reasoning underlying specific beliefs,
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deciding on ways to test specific beliefs, assessing the consistency among their
ideas, and examining how well these ideas extend to new situations. Hennessey se-
lects activities and tasks based on their potential for engaging students in consider-
ing their own views, for helping students examine the reasoning that supports their
views, and, at times, for promoting conceptual conflict or students’ dissatisfaction
with their views. Finally, assessmentin her classroom is ongoing and multifaceted.
Students are given many different options for communicating what they have un-
derstood. Such demonstrations involve students in presenting their findings in
oral, written, visual, or graphic form; in raising new questions about a topic or
idea; in applying their understanding to another context; or in reflecting on the
growth of their understanding.

In a series of papers (Hennessey, 1994b, in press; Hennessey & Beeth, 1993),
Hennessey also began to describe the impact of her approach on her students’
thinking and understanding as revealed in the natural context of her classroom. Her
main research focus has been on analyzing student writing and discourse to docu-
ment the diverse ways her students have engaged in metacognitive reflection.
These metacognitive acts range from identifying one’s own beliefs and the beliefs
of others to monitoring the intelligibility, plausibility, and fruitfulness of one’s
own beliefs and the beliefs of others. Data indicate that, by fourth, fifth, and sixth
grade, her students have not only engaged in conceptual change themselves, but
also have been able to learn metalanguage for describing the status of their chang-
ing conceptions.

Excerpts from class discussion and writing in which students responded to
probes of their ideas about the learning process in science also revealed changes in
these students’ underlying epistemological ideas (Hennessey, 1995). First-grade
students entered Hennessey’s classroom with a simplistic epistemology (of the
kind described in the literature, which focused on learning as the amassing of
facts). By the end of the first grade, however, her students already were beginning
to turn their attention to the central role of thinking in the learning process. Ex-
cerpts from students at other grade levels suggested that their views of thinking
and learning processes in science were becoming more complex.

This study extends the effort to document the epistemological achievements of
Hennessey’s students by using the Nature of Science Interview (Carey et al.,
1989). The study involves comparing the science epistemologies of Hennessey’s
sixth-grade students with the epistemologies of a demographically similar (White,
middle class) group of sixth-grade students who also had an extensive elementary
science curriculum taught by one teacher, but from a more traditional
epistemological perspective. We included this comparison group to test the hy-
pothesis that Hennessey’s way of teaching leads to greater epistemological devel-
opment than more traditional elementary science teaching. Carey’s prior work
(Carey et al., 1989) had been done with an urban, ethnically mixed, and socioeco-
nomically diverse sample that was not strictly comparable in age or background to
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the students in Hennessey’s classroom and the nature and extent of their elemen-
tary school science experiences were not documented. Hence it could not serve as
an appropriate comparison group.

SPECIFIC HYPOTHESES

As discussed earlier, the Nature of Science Interview includes sections that probe
student conceptions of the goals of science, the nature of scientific questions, the
purpose of experiments, the role of ideas in scientists’ work, and the nature of the
processes by which scientific ideas change. We expected that students in
Hennessey’s classroom—who experienced a coherent constructivist peda-
gogy—would understand each of these issues differently than would students
taught from a more traditional pedagogical perspective, reflecting pedagogical dif-
ferences in the two classrooms. For example, in a constructivist pedagogy the main
goals are to help students to pursue personal understanding and meaning making. In
contrast, the main goals in a more traditional pedagogy are to help students to learn
and memorize a large body of knowledge and find correct answers. In a
constructivist pedagogy, the emphasis is on asking students deep domain-specific
questions that help them to develop an understanding of the core explanatory ideas
in a given domain. In contrast, greater emphasis is placed on asking students lower
level factual and procedural questions in a more traditional pedagogy, and often the
distinction between factual knowledge and underlying explanatory principles is
blurred. Furthermore, in a constructivist pedagogy, students are given responsibil-
ity for deciding what experiments to do to test the ideas they hold. In contrast, stu-
dents in more traditional classrooms typically are asked to carry out prescribed ex-
perimental procedures. These students, thus, may have little appreciation of the
underlying purpose of an experiment and may not experience it as a test of ideas.
Finally, students in constructivist classrooms experience the sustained develop-
ment of their ideas by pursuing dialogue with peers about their ideas and engaging
in multiple cycles of hypothesis testing and idea revision within a community of
learners. In contrast, students in more traditional classrooms either simply read
texts that provide them with a “rhetoric of conclusions” (Schwab, 1962) or carry
out brief one-shot experiments after which they are presented with a correct conclu-
sion or an answer to add to the other facts they have been asked to stockpile.
With these considerations in mind, we expected that the students who had par-
ticipated in the more traditional curriculum would have developed coherent Level
1 views similar to those documented by Carey and her colleagues in previous stud-
ies. In contrast, we expected that students in Hennessey'’s classroom would have
developed a different, richer network of concepts for thinking about knowledge
construction in science—one centered on the more constructivist epistemology
that characterized their curriculum. We expected that these students would see sci-
ence as more centrally concerned with generating explanations and testing hypoth-
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eses (notions that first emerge at Level 2). We also predicted that students with a
Level 2 epistemology would appeal to a rich set of new Level 2 ideas in their re-
sponses across the interview.

We were not sure how deeply Hennessey’s students would conceptualize the
notions of explanation and test. Would they go beyond the conceptions of explana-
tion and test that are characteristic of Level 2 and begin to exhibit deeper Level 3
notions of framework theories, explanation in terms of unseen theoretical entities,
and theory evaluation via complex cycles of hypothesis testing and revision to ac-
count for a wide pattern of data? Although we did not expect that these students
would have a fully developed Level 3 epistemology (because that would call for
more detailed scientific knowledge than these students had), we thought that they
might have a more “enriched” Level 2 epistemology from what had previously
been described, and that some students might be making progress in developing
these difficult understandings. If elementary school students show an ability to de-
velop a sophisticated, constructivist epistemology of science, then we would argue
that elementary school can and should be a crucial time for developing and restruc-
turing students’ initial epistemological views.

METHODS
Design

This study involved two sixth-grade classes taught by differentteachers in different
schools. Each class had worked with the same science teacher throughout elemen-
tary school:

e Students in one classroom (henceforth called the constructivist classroom)
were taught by Hennessey. She worked with the same students over a
6-year period, from first through sixth grade, with the students meeting
three times a week for science class.

e Students in the comparison classroom had been with the same teacher for 5
years. They had science class five times a week in Grade 6, four times a
weekin Grade 5, three times aweek in Grade 4, and once aweek in Grades 1
through 3.

Our knowledge of the curriculum in the constructivist classroom is gleaned from
conversations with Hennessey, research papers analyzing her classroom environ-
ment, and our own classroom observations. Our knowledge of the curriculumin the
comparison classroom is based on a 2-hr interview with the science teacher, a sepa-
rate 2-hr meeting with the principal, and inspection of the science facilities and
classroom materials.



SIXTH-GRADE STUDENTS’ EPISTEMOLOGIES OF SCIENCE 363

Hennessey'’s science curriculum centers on engaging students’ own ideas, with
the teacher taking the role of facilitator of both small-group work and whole-class
discussion. Students typically work in groups of four to investigate phenomena
and to develop their own personal models for explaining these phenomena. As stu-
dents engage in experimentation and dialogue with each other and with
Hennessey, she guides them to reflect on the intelligibility, plausibility, and fruit-
fulness of their ideas. The class functions as a community of learners where stu-
dents engage in a process of trying to make sense of their own and each other’s
ideas. Even in first grade, students invent ways to make their ideas understandable
to others. Reading in this classroom occurs when students seek information from
books to enhance their explorations and to help them make sense of their ideas.
The evolution of the curriculum is open ended in nature, with the teacher suggest-
ing time for investigation or sharing in direct response to issues, questions, or ob-
stacles that arise in small-group work.

Both the students’ and teacher’s roles change as the students become more
metacognitively sophisticated from Grades 1 to 6 (see Table 1). For example, in
first grade, the goal is for students to state explicitly their own views about the
tasks under consideration and to begin to generate reasons that support these
views. Thatis, the aim for students is to begin to differentiate what they think from
why they think it. The teacher’s role in this endeavor is to provide many experi-
ences and opportunities in which students can begin to articulate the reasoning
used to support their views and to help students find a variety of ways to represent
their thinking externally. By Grades 4 through 6, students not only differentiate
what they think from why they think it, but also become explicitly aware of a vari-
ety of criteria by which their ideas can be evaluated; for example, consistency with
other ideas, fit with a pattern of evidence, and fruitfulness in explaining new phe-
nomena. They also actively monitor the status of their own thinking vis-a-vis its
intelligibility, plausibility, and fruitfulness. The teacher uses the information stu-
dents provide on the status of their thinking to guide her in challenging their think-
ing, in introducing them to new ideas, and in engaging them in the process of
conceptual change.

Hennessey selects curricular content that will engage students with fundamental
scientific questions and optimize the reaching of metaconceptual goals. For exam-
ple, first-grade students participate in activities and work with topics that success-
fully engage them in explanatory model building (e.g., the day—night cycle).
Curricular units start with students exploring or producing phenomenaduring a pro-
cess of “messing about.” Children are invited to suggest what they make of a given
phenomenon and to decide (in their small groups) how to proceed to see which of
theirideas about the phenomenon are most plausible. At several points in this cyclic
process they report to their classmates, who, in turn, carefully review their argu-
ments. As the curriculum progresses, students assume more control of the topics
studied, with the emphasis on explanatory understanding and theory building.
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The comparison classroom’s science curriculum, which also spans Grade 1
through Grade 6, centers on a more traditional, knowledge unproblematic ap-
proach. In the first, second, and third grades the teacher presents a topic and the
students focus on learning facts and on creating art about that topic (i.e., drawing,
cutting, and pasting). If the topic lends itself to everyday experience, they may ex-
plore outdoors or at home with hands-on activities. In the fourth, fifth, and sixth
grades, topics in science are presented by the teacher in a lecture format and the
students are assigned corresponding readings in a standard text.

The fifth and sixth graders also participate in an annual school-sponsored sci-
ence fair, for which they choose a topic, make hypotheses, design and execute
experiments, and present their results to the public at an evening event. The
teacher regards this as one of the most important, culminating events in the sci-
ence curriculum, which encourages students to think for themselves, generate a
hypothesis and a method, carry out an experiment, and draw conclusions. Exam-
ples of some of the kinds of science fair questions her students have investigated
include: What kind of wood burns the longest? Which brand of paint is most ad-
hesive after weather conditions? These questions focus on whether there is a re-
lation between two observable variables that are part of students’ everyday
experience and are the type students easily can investigate in a simple experi-
ment that provides straightforward answers. They involve a personally meaning-
ful topic and provide a reason for learning about some aspects of scientific
method. Note, however, that they are not deep explanatory questions about how
things work, which appeal to unseen theoretical entities; they do not involve stu-
dents with sustained investigations of phenomena, where they pursue answering
a given question in multiple ways.

The comparison classroom teacher’s main aims are for students to like science
and think that it connects to their everyday lives. She offers a variety of approaches
to learning, including watching videotaped television programs on science, dis-
cussing science topics in the news, and engaging in group discussions, hands-on
experiments, drawing, and outdoor activities. She is concerned that students be
successful in their classroom endeavors (even poor readers, whom she perceives to
be at a disadvantage). The teacher selects curricular content based on what is most
interesting to the students, what has been successful in past years at particular ages,
and what can be accomplished within the workspace and time available. Overall,
her own epistemology of learning in science seems to be based predominantly on
notions of problem solving and critical thinking rather than notions of theory
building in a community of learners, sustained metacognitive development, and
conceptual change. Furthermore, many of her self-reported pedagogical practices
involve students in factual learning (i.e., reading from texts) or concrete problem
solving (i.e., trying to put together an electric circuit that will work) rather than in
the developing and testing of deep explanations for the workings of real-world
phenomena.
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Population

The two schools served similar student populations (White, middle to upper middle
class). Both were private Catholic coeducational schools that, according to school
staff, were selected by parents because of their good reputations. Class sizes were
comparable. Hennessey had one sixth-grade class of 22 students. The comparison
school had two sixth-grade classes that contained a total of 36 students; each class
had the same science curriculum and science teacher. All sixth-grade students in
both schools were sent permission letters for participating in our interviews. Eigh-
teen students from the constructivist classroom and 27 students from the compari-
son classrooms accepted the invitation and were interviewed.

Assessment

In a private, one-on-one setting, all participants received the Nature of Science In-
terview developed in prior work by Carey (Carey, 1991; Carey et al., 1989). Be-
cause this interview instrument was developed prior to our work with these classes,
it was not tailored in any way to mirror the language of either classroom. The inter-
view took about 20 to 30 min during which students responded to direct questions
about the scientific enterprise. The interview was tape-recorded and transcribed for
analysis. The script of this interview is included in Appendix A.

Analysis

We undertook two main analyses of the Nature of Science Interview: (a) an analysis
of the type and the level of ideas expressed in four separate clusters of interview
questions (question cluster analysis), and (b) an analysis of the consistency and the
coherency of ideas expressed by individual students across the four question clus-
ters (consistency and coherency analysis). In addition, we supplemented these
analyses with several holistic analyses of students’ entire interview.

The question cluster analysis involved our reading the entire corpus of students’
verbatim transcripts separately for each of the four question clusters (i.e., goals of
science, types of questions, nature and purpose of experiments, and nature of
change processes). We were blind to students’ identities and classrooms when de-
veloping coding categories to capture the type and level of ideas that were present
in a given cluster. In developing these coding categories, we were responsive both
to importantissues in Carey’s levels system and to what emerged more inductively
from the data for those questions.

Key ideas that reflect a Level 1 knowledge unproblematic epistemology focus
on science as involving (a) simple activities and procedures (e.g., trying things out,
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doing experiments) or (b) acquiring factual knowledge (e.g., learning new things,

making discoveries). In such an epistemology, knowledge is acquired in a piece-
meal and unproblematic fashion by making observations and doing experiments,
and students do not differentiate clearly between scientists’ ideas, experimental
methods, and experimental results.

In contrast, four key ideas that reflect a Level 2 epistemology focus on science
as concerned with (a) explaining how things work or why things happen, (b) test-
ing hypotheses or prior ideas, (c) developing ideas, and (d) working to understand
these ideas. Simple expressions of these ideas (e.g., one of these ideas expressed
alone in a question cluster) were scored as Level 2. More complex and sophisti-
cated expression of these ideas (e.g., two of these ideas expressed within the same
question cluster) were scored as Level 2.5 (see Appendix B). In general, a Level
2.5 epistemology involves the same basic conceptual distinctions as Level 2, but
the concepts are more elaborated and explicitly interrelated.

A Level 3 score is based on understanding that theories are coherent explana-
tory frameworks that guide the scientists’ construction of specific hypotheses, de-
sign of experiments, and interpretation of experimental evidence. Theories are
seen as inherently conjectural in nature and are developed through sustained cy-
cles of hypothesis testing, revision, and indirect argument from patterns of data.
An important conceptual distinction is made between specific hypotheses and the
general framework from which they are derived. This differentiation between the-
ories and hypotheses allows the formulation of explicit relations between these
two concepts and the understanding that experiments provide evidence not only
for or against specific hypotheses, but also for or against the larger framework the-
ory. (Note that no response in this study warranted a Level 3 score.)

Appendix B provides a detailed description of the actual coding categories used
for each question cluster. It specifies the type and level of a given coding category
(see italicized terms), provides examples of typical responses for that category,
and gives reasons the category is situated at a given level. It also specifies the ways
Level 2.5 answers fall short of Level 3 responding. Note that this coding system
contains a transitional Level 1.5 between Level 1 and 2. Included within this level
are some responses that are ambiguous and could be coded as either Level 1 or
Level 2 (e.g., mention of how things work, unsupported by a particular example).
Also included are responses that seem more sophisticated than classic Level 1 re-
sponses but fail to meet the criteria for Level 2 responses (e.g., questions about
how two observable variables relate are more sophisticated than simple procedural
or factual questions, but not as sophisticated as explanatory or theoretical ques-
tions).

Each question cluster was scored independently by two coders. Because a
given student could express several different ideas within a cluster, coders
checked off all the coding categories that applied. Intercoder agreement on the
positive occurrence of each type of level code listed in Appendix B was com-
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puted (i.e., number of times both coders checked the particular code divided by
number of times at least one coder checked that code). Agreement averaged
80% and ranged from 67% to 96% for different codes. This calculation is con-
servative because it ignores agreements that a given type of code was absent for
a given student. The overall agreement on the presence or absence of a specific
type of code was even higher, averaging over 90%. Disagreements were re-
solved through discussion.

Students were then assigned a level score for each question cluster. In general,
the level score was simply the highest level idea code assigned. Students were
given a level score of 2.5 based on the presence of multiple Level 2 ideas within a
cluster or the presence of a sophisticated Level 2.5 idea (see Appendix B for a de-
scription of the criteria for Level 2.5 for each cluster). To determine the reliability
of level codes, we computed level scores based on each coder’s pattern of codes
for a given student. Agreement on level scores was 82% for Cluster 1, 87% for
Cluster 2, 89% for Cluster 3, and 82% for Cluster 4.

RESULTS

The main analyses focus on (a) the type and level of ideas expressed by students in
the four main question clusters, and (b) the pattern of ideas across the four question
clusters. If students in the two classrooms have different epistemological stances,
then we would expect that they would appeal to different ideas in the four question
clusters and that they would show consistency and coherency in the ideas ex-
pressed. This expectation grows out of our assumption that a network of distinctive
and mutually supporting ideas characterize a particular epistemological stance.

The main analyses are followed by several supplementary analyses that were
conducted by reading each student’s interview as a whole. The supplementary
analyses were carried out as further tests of whether contrasting epistemological
stances exist for the two classrooms.

Question Cluster Analysis

Cluster 1: Goals of science. Students mentioned several different ideas in
response to questions about the goals of science: (a) doing things (Level 1), (b)
gathering information (Level 1), (c) thinking about ideas or data (Level 1.5), (d)
finding explanations (Level 1.5 for unelaborated or ambiguous mention of how it
works, and Level 2 for discussion of why it happens and elaborated discussion of
how it works), (e) testing ideas (Level 2 or 2.5), (f) understanding ideas (Level 2),
and (g) developing ideas (Level 2 or 2.5). Figure 1 displays the percentage of stu-
dents in each classroom who mentioned each kind of idea. Two-tdédsts were
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Constructivist Classroom

67% 67%

Doing Gathering Thinking Finding Testing Understanding Developing
Things Information Explanations Ideas Ideas Ideas
L1 Ly (L 15) (L150r2) (L2 or2.5) (L2) L20r25)

96%

Comparison Classroom

Doing Gathering Thinking Finding Testing Und di Developing

Things Information Explanations Ideas Ideas ldeas
L1y (L1 (L 1.5) (L150r2) (L2or2.5) (L2 (L20c25)

p<.01 p<.01 N.S. N.S. N.S. p <.001 b <001

Ideas about the Goals of Science

FIGURE 1 A comparison of the percentage of students expressing different ideas about the
goals of science in the constructivist and comparison classrooms. L1, 1.5, 2, and 2.5 indicate
Levell,1.5,2,and 2.5ideas, respectively. Significance level for each comparison is given at the
bottom of the figure.
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performed to indicate for which kinds of ideas the classroom differences were sta-
tistically significant3

The ideas mentioned by the greatest percentage of students in the comparison
classroom were the Level 1 notions of doing things and gathering information. At
Level 2, fewer mentioned finding explanations or testing ideas and none men-
tioned understanding ideas or developing ideas.

There was a very different pattern for students in the constructivist classroom.
The Level 2 ideas mentioned by the greatest percentage of students were under-
standing ideas and developing ideas (ideas that had not been mentioned at all by
students in the comparison classroom). These processes are central, framing con-
cepts in a constructivist epistemology and were central practices in this classroom.
It is striking that they are often the first ideas mentioned by these students. Fewer
students mentioned the Level 1 ideas of doing things (with no articulated purpose)
and gathering information than in the comparison classroom, although many still
mentioned the idea of gathering information. As in the comparison classroom,
these opening questions drew little mention of finding explanations or testing
ideas.

Each student was assigned a level score based on his or her highest level idea
expressed in this question cluster. Students who either related two or more Level 2
ideas to the goal of science or discussed a sophisticated Level 2.5 response re-
ceived a level score of 2.5. All students in the constructivist classroom who re-
ceived a score of Level 2.5 saw the goal of science as both understanding their
ideas and either developing or testing them (typically through some multistepped
process). The 1 student who received a Level 2.5 in the comparison classroom saw
the goal of science as figuring out how things worked and testing one’s ideas.

The mean level score was 2.1 for students in the constructivist classroom com-
pared to 1.4 for students in the comparison classroom, a significant diffetence (
5.36,p < .0001, two-tailed). Individual scores for students in the constructivist
classroom ranged from 1.5 to 2.5, with a modal score of Level 2. Individual scores
for students in the comparison classroom ranged from 1 to 2.5, with a modal score
of Level 1.

Cluster 2: Type of questions. Inthis question cluster, students were asked
to give an example of the type of questions scientists ask. We classified the ques-

3Note that, in Figures 1 through 4, we presaests of classroom differences in the percentage of stu-
dents that mention each kind ofidea only as a means of enhancing our description of the findings. We re-
alize that with repeateidtests a few differences would be expected to be significant by chance. We thus
think itis important to emphasize here that our main hypotheses concerned differences in average level
scores for each question cluster and that our test of each hypothesis involvadsinper cluster (pre-
sented at the end of each section).
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tions they discussed into six main types: (a) procedural questions (Level 1), (b)
journalistic questions (Level 1), (c) variable relation questions (Level 1.5), (d) ex-
planation questions (Level 1.5 for unelaborated questions about how it works,
Level 2 for questions about why something happens or for an elaborated discussion
of how something works), (e) questions involving some theoretical entity (Level
1.5 when treated more factually, Level 2 when not), and (f) metacognitive ques-
tions (Level 1.5 when about Level 1 issues, Level 2 when about Level 2 issues).
Figure 2 contrasts the percentage of students in the two classrooms who discussed
each type of question.

In the comparison classroom, the majority mentioned journalistic questions
(i.e., questions about observable events or concrete objects: who, what, where, and
when questions). In addition, one third of the students mentioned procedural ques-
tions (i.e., how to do something) and 30% mentioned variable relation questions
(e.g., If basketball teams play at home or away does it affect how many points they
score? That is, is there a home-court advantage? Does listening to music affect
how quickly you do your homework?). The latter questions were identified by stu-
dents as the questions they had investigated for their science fair projects at school.
Note that these classic science fair questions focus on investigating whether an as-
sociation exists between two easily measured variables, rather than probing for
deeper explanations of the association. All three question types are consistent with
a knowledge unproblematic epistemology and were more frequent in the compari-
son classroom than in the constructivist classroom. Forty-one percent of the stu-
dents in the comparison classroom also gave explanation questions, which ranged
from ambiguous Level 1.5 questions about how something works to clearer Level
2 questions about why something happens.

In contrast, the majority of students in the constructivist classroom focused on
explanation, metacognitive, and theoretical entity questions. Explanation ques-
tions are a classic Level 2 type of question in Carey'’s levels analysis (Carey et al.,
1989). Metacognitive questions is a new category we developed in light of this
data set. Students imagined scientists asking themselves both basic goal-oriented
and activity-oriented Level 1.5 metacognitive questions, such as “What am | try-
ing to accomplish?” and “Why am | doing this experiment?”, as well as more so-
phisticated Level 2 metacognitive questions involving the clarity and reasons for
one’s ideas, such as “Why do | think that (i.e., what are my reasons)?” “How intel-
ligible or plausible are my ideas?"—types of metacognitive questions Hennessey
explicitly encouraged students to ask from fourth through sixth grade (see Table
1). Questions involving theoretical entities refer to unobservable, theoretical enti-
ties rather than to concrete objects and observable phenomena. Examples include
questions about atoms, DNA, gravity and other forces, and germs. Again, concern
with understanding the deep domain issues of the nature of matter, force and mo-
tion, and the workings of the human body were all a central part of Hennessey's
curriculum.
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100
Constructivist Classroom

78%

Percent of Sample

Procedural Journalistic Variable Relation Explanation Theotetical Entity Metacognitive
Ly @y L15) (L150r2) (L150r2) (L150r2)

100

90 | Comparison Classroom
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P dural J listi Variable Relation Expl i Th ical Entity ~ Metacognitive
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in the constructivistand comparison classrooms. L1, 1.5, and 2 indicate Level 1, 1.5, and 2 ideas,
respectively. Significance level for each comparison is indicated at the bottom of the figure.
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Both metacognitive and theoretical entity questions were much more common
in the constructivist than in the comparison classroom. Furthermore, students in
the constructivist classroom generally asked more sophisticated explanation,
metacognitive, and theoretical entity questions than students in the comparison
classroom. In the comparison classroom, almost half of the explanation questions
were of the unelaborated “how it works” type; all of the metacognitive questions
focused exclusively on scientists’ goals and activities; and more than half of the
questions involving theoretical entities were stated as simple factual questions. In
the constructivist classroom, all of the explanation questions were eventually elab-
orated with a specific example (e.g., Why do we get diseases? or, Why does the
earth go around the sun?). Half of the metacognitive questions raised by students
concerned the intelligibility, clarity, or reasons for their ideas; and all but one ques-
tion involving a theoretical entity were treated as ambiguous or more complex to
answer than a simple factual question.

Students were assigned a level score based on the highest level question they
expressed in this cluster. Students were given a Level 2.5 if they combined two or
more Level 2 codes. Most of the students in the constructivist classroom with
Level 2.5 scores combined an explanatory question with some reference to a theo-
retical entity (e.g., How do you think this works? [Interviewer: Can you give an ex-
ample?] .... Do you think electrons circle around the atom?; or, How does it move?
How does it work? What motions are there? What kind of motion? What kind of
forces?). This type of combination makes it clear that a student is considering a
deeper level of explanation—one concerned with unseen entities, not just observ-
able ones. (This concern with deeper explanation is generally implied at Level 2,
but is not made as explicit.) Several students in the constructivist classroom com-
bined a specific explanatory or theoretical question with a sophisticated question
about the intelligibility of their ideas. The fact that they realized their ideas take
work to understand provides us with indirect evidence that these ideas are not
about simple observables.

The mean level score for students in the constructivist classroom was 2.3, com-
pared to 1.5 for students in the comparison classroom, a significant diffetence (
5.62, p < .0001, two-tailed). Individual level scores for students in the
constructivist classroom ranged from 1.5 to 2.5, with a modal score of Level 2.5.
Individual level scores for students in the comparison classroom ranged from 1 to
2.5, with a modal score of Level 1.5.

Cluster 3: Nature and purpose of experiments. In this question cluster,
students were asked first “What is an experiment?” and then “Why do scientists do
experiments?” The five main kinds of ideas we coded were (in order of increasing
sophistication): (a) try out or find cures (Level 1), (b) find answers (Level 1), (c)
find explanations (Level 1.5 for an unelaborated mention of how it works, other-
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wise Level 2), (d) test ideas (Level 2), and (e) develop ideas (Level 2 when alone,
Level 2.5whenin combination with testideas). Figure 3 contrasts the percentage of
students in the two classrooms mentioning each of these ideas.

Overwhelmingly, students in the comparison classroom saw experiments as a
means of trying things out or finding cures and finding answers, both clear knowl-
edge unproblematic ideas. Students in the constructivist classroom did mention
these ideas, but less commonly. Furthermore, the notions of test ideas and develop
ideas were very strong for students in the constructivist classroom, whereas little
or no mention of these ideas occurred in the comparison classroom. These two no-
tions are consistent with a more constructivist epistemology. We suspect that their
strong showing in this classroom was supported by the students’ long-term experi-
ence with designing ways of testing their ideas.

Students were assigned a level score based on the highest level idea they ex-
pressed in this question cluster. Students who related two or more Level 2 ideas to
the purpose of experiments received a 2.5. Invariably, the two ideas combined by
students in the constructivist classroom were the notions of testing and developing
ideas. That is, these students not only mentioned that the purpose of experiments
was to test a specific idea, but also went on to talk about how experiments were im-
portant in the larger enterprise of trying to develop one’s ideas (i.e., make them
better, clearer to oneself and others, etc.). In this way, the experimental testing of
ideas was seen not as a limited process of finding out if an idea is right or wrong,
but as part of a broader goal that is central to a constructivist epistemology: deep-
ening ideas and one’s understanding.

The mean level score for students in the constructivist classroom was 2.0 com-
paredto1.2inthe comparison classroom, asignificant differéree%9 p<.0001,
two-tailed). Individual scores for students in the constructivist classroom ranged
from 1 to 2.5, with a modal score of Level 2.5. Individual scores for students in the
comparison classroom ranged from 1 to 2, with a modal score of Level 1.

Cluster 4: Nature of change processes. The last cluster of questions
probed for student understanding of the conditions that lead scientists to change their
ideas and theories. Again, there were differences in the level of sophistication of stu-
dent responses in the two classrooms. In scoring these questions, we identified six
key ideas. The first idea reflected an extremely simple view of the change process:
Scientists easily keep or abandon an idea based on whim, or based on a single obser-
vation or experiment (Level 1). Other students were beginning to realize the change
might require more thought or effort (Level 1.5), although they did not yet articulate
distinctive Level 2 ideas. Finally, other students mentioned distinctive Level 2 ideas,
which revealed a more sophisticated view of the change process. These four ideas
were that (a) change involves development of ideas (rather than simply keeping or
abandoning them), (b) change involves complex evidence (rather than only one
straightforward observation), (c) change involves finding a better explanation (rather
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FIGURE 3 A comparison of the percentage of students expressing different ideas about the
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2indicate Level 1, 1.5, and 2 ideas, respectively. Significance level for each comparison is indi-
cated at the bottom of the figure.
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than finding new facts or answers), and (d) change is constrained by prior ideas
(rather than simply reflecting new observations). Figure 4 contrasts the percentage of
students in the two classrooms who mentioned each of these ideas.

The dominant view (expressed by more than half of the students) in the compar-
ison classroom was that scientists keep or abandon an idea after a simple observa-
tion or a single experiment—a view consistent with a knowledge unproblematic
epistemology. One third of the students mentioned that thought or effort was in-
volved in the change process. Fewer mentioned any of the Level 2 ideas. Those
that did mention Level 2 ideas typically talked about change as involving the de-
velopment of ideas (15%) or indicated, by their example, that the change involved
a better explanation (11%). None made a metastatement that change involved find-
ing better explanations. Only one mentioned complex evidence and none dis-
cussed the fact that change is constrained by prior ideas. Two students (7%)
mentioned two different Level 2 ideas.

In contrast, no student in the constructivist classroom expressed only the simple
keep or abandon view of the change process. Indeed, mention of diverse Level 2
ideas was abundant. Sixty-one percent mentioned that change involves the devel-
opment of ideas. In addition, some mentioned that change involves complex evi-
dence (39%), that it involves finding a better explanation (33%), or that it is
constrained by prior ideas (39%). Forty-four percent of students mentioned two or
more Level 2 ideas.

Students were then assigned a level score based on their highest level idea ex-
pressed in this question cluster. Students who saw change as constrained by both
the Level 2 factor of fit with evidence from multiple experiments (complex evi-
dence) and the Level 2 factor of fit with prior ideas (metastatements by students
that change is constrained by prior ideas or that change occurs when one finds a
better explanation) were scored as Level 2.5. These students were moving beyond
some simple notion of hypothesis testing (i.e., finding out if an idea is right or
wrong) to realizing that ideas have to be evaluated based on both their fit with evi-
dence and with other ideas.

The mean level score for students in the constructivist classroom was 2.1 com-
paredto1.3inthe comparison classroom, asignificant differér&98 p<.0001,
two-tailed). Individual scores for students in the constructivist classroom ranged
from 1.5t0 2.5, with a modal score of Level 2. Individual scores for students in the
comparison classroom ranged from 1 to 2, with a modal score of Level 1.

Consistency and Coherency Analysis

Consistency of levels. We averaged students’ scores for the four question
clusters to obtain a measure of the consistency of their Level 1 versus Level 2 re-
sponding. Figure 5 shows the contrasting distributions for students in each class-
room. Again there were striking differences in average level scores: The majority
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of students in the constructivist classroom had an average score of Level 2 or above,
whereas the majority of students in the comparison classroom had an average score
between 1and 1.37. There was very little overlap in the two distributions of scores.

Coherence of Level 2 ideas. ltis possible that a student could show con-
sistent Level 2 reasoning by appealing to the same Level 2 idea repeatedly across
each question cluster. However, if consistent Level 2 reasoning involves a reorga-
nization of studentideas around a new set of Level 2 concepts, there should be a co-
herent network of Level 2 concepts that mutually support each other and emerge as
part of this restructuring. Indeed, new concepts take on meaning as constructivist
ideas only in the company of other constructivist ideas.

In this analysis, we grouped the Level 2 responses from the preceding question
clusters analysis according to whether they were concerned with understanding
ideas, explanation, testing ideas, or developing id&ds.then plotted the average
number of different Level 2 ideas mentioned by students as a function of their av-
erage level score across the four clusters.

Figure 6 shows that there was a strong relation between students’ average level
score and the number of different Level 2 ideas they mentioned and that the relation
was similar for students in the two classrooms. Students who mentioned only one
Level 2 ideawere generally still entrenched in Level 1 thinking. As students moved
toward more consistent Level 2 responding, they also increased the number of dif-
ferent Level 2 ideas they mentioned. Students with average level scores of 1.75 or
1.87 generally expressed two different constructivist ideas. Those with average
level scores of 2 or 2.125 generally expressed three different constructivist ideas.
Those with average level scores of 2.25 and above generally expressed four different
constructivist ideas. Thus, consistency in responding across a variety of questions
reflectsthe emergence of anetwork of newideas that mutually supporteach other.

Modal epistemology in the constructivist classroom. These four Level
2 ideas—understanding ideas, explanation, testing ideas, and developing
ideas—describe processes that were central to the modal epistemology of students
in the constructivist classroom. Fifty-five percent of the students in the

“These four distinct Level 2 ideas emerged in the specific coding categories of the different question
clusters. Specific coding categories grouped as manifestations of understanding ideas were: (a) under-
standing ideas (Cluster 1), (b) metacognitive questions about Level 2 issues (Cluster 2), and (c) need for
new ideas to make sense or need for fit and coherence among ideas (two subcategories of constrained by
prior ideas, Cluster 4). Specific coding categories grouped as manifestations of explanation were: (a)
Level 2 explanation ideas (Clusters 1, 2, 3, 4), and (b) Level 2 theoretical entity questions (Cluster 2).
Specific coding categories grouped as manifestations of testing ideas were: (a) testing ideas (Clusters 1,
3), and (b) complex evidence (Cluster 4). Specific coding categories grouped as manifestations of devel-
oping ideas were the develop ideas codes for Clusters 1, 3, and 4.
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FIGURE 6 Therelation between average level score on the nature of science interview and the
number of different Level 2 ideas expressed for students in the two classrooms.

constructivist classroom mentioned all four of these ideas at least once across the
four question clusters, and 83% of the students mentioned at least three of the four
key ideas. Many students mentioned a given idea on multiple occasions as well.

Figure 7 shows some of the ways these four processes were elaborated and in-
terrelated in students’ responses as shown by the question cluster analysis. It also
indicates how these processes interrelate with collaboration, a process students in
the constructivist classroom highly valued. Supplementary analyses (presented in
the next section) provide further support for the characterization of students’
modal epistemology in Figure 7. One of these analyses provides a detailed descrip-
tion of how students view the role of social interaction in acquiring knowledge.
The Discussion section provides a more extensive consideration of how all of the
processes in this characterization interrelate.

Of course students in the constructivist classroom did mention simpler ideas in
response to the four question clusters. For example, they referred to the gathering
of information, mentioned journalistic questions, and talked about the testing of a
simple prediction to find out if something works. We would not expect all mention
of these ideas to drop out with a move to a more sophisticated epistemology. After
all, scientists do gather information, and they do use experiments to answer spe-
cific questions or to test more concrete ideas (e.g., which medicine works better?).
However, because these students had higher level notions that they discussed in
their responses to these same questions, they can reframe their understanding of
such activities in the context of a larger goal or enterprise.
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Modal epistemology in the comparison classroom. Figure 8 diagrams
the four key ideas that form the foundation for the Level 1 knowledge
unproblematic epistemology of the students in the comparison classroom: (a) sci-
entists do things or gather information (do things or gather information responses
for Cluster 1), (b) scientists ask procedural or factual questions (procedural and
journalistic questions for Cluster 2), (c) scientists do experiments to get products or
to answer questions (try out/find cures and find answers responses for Cluster 3),
and (d) information accumulates unproblematically (keep or abandon responses for
Cluster 4). It shows how the ideas students have about the goals of science inform
their ideas about the types of questions scientists ask, the purpose of experiments,
and the nature of the change process. Fifty-two percent of the students mentioned
all four of the ideas in Figure 8, and 89% of the students mentioned at least three out
of the four ideas.

As evidentin a supplementary analysis presented in the next section, students in
the comparison classroom were much less concerned with issues of collaboration
in knowledge acquisition than students in the constructivist classroom. Hence, col-
laboration is omitted from this diagram. Our analysis showed that the relatively
few times these students did mention social interaction, however, it was primarily
in relation to the Level 1 processes shown in Figure 8.

Science is about...

understanding ideas

which
include

Is involved in

collaborating
with colleagues
is involved in is involved in

the development of

explanatory ideas
(that typically make reference to
unsecen theoretical entities)

testing ideas via
experiments

Is Involved in

the development of ideas
(typically through a complex process
such as assessing the fit between
evidence and prior ideas)

FIGURE 7 Network of ideas in the modal epistemology for students in the constructivist
classroom. Labeled arrows indicate some (but not all) of the relations among these ideas.
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FIGURE 8 Network of ideas in the modal epistemology for students in the comparison class-
room. Labeled arrows indicate some (but not all) of the relations among these ideas.

Although virtually all of the students mentioned these Level 1 ideas, only three
students expressed such bare-bones views with no further elaboration. It was more
common for students to have some Level 1.5 ideas or one isolated Level 2 idea in
their responses. Most commonly, students with Level 1 scores went on to discuss
either scientists engaging in thinking about data or ideas, asking a variable relation
question, or asking a question about how things work or why things happen. Over-
whelmingly, if students expressed just one Level 2 idea, it involved explanation.
When students begin to consider these higher level ideas in isolation from other
Level 2 ideas, their Level 1 knowledge unproblematic epistemology is not imme-
diately undermined; however, their Level 1 views do start to enrich and become
more complex.

Supplementary Analyses: Beginning Awareness That
Knowledge Is Problematic

We carried out three supplementary analyses by reading the entire interview of stu-
dents in both classrooms and looking for evidence of beginning awareness of ideas
that would support the move to a knowledge problematic epistemology. In particu-
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lar, we examined students’ awareness of deep explanatory questions in science,
complex criteria for evaluating ideas in science, and the importance of social inter-
actioninthe development of scientific knowledge. Atissue was whether studentsin
the constructivist classroom would show greater awareness of these ideas than stu-
dents in the comparison classroom.

In addition, a fourth analysis examined students’ responses to interview Ques-
tions 10 through 14—the portion of the interview that probes most directly for
Level 3 rather than Level 2 constructivist understandings. These questions ask stu-
dents to define the terniypothesisindtheoryand to explain how scientists’ theo-
ries affect the ideas they have about specific experiments. At issue was whether
these questions would draw out any fully developed Level 3 insights among stu-
dents in the constructivist classroom and, if not, whether these students were more
likely than students in the comparison classroom to have some beginning under-
standing of these difficult issues.

Awareness of deep explanatory questions in science. One factor that
supports a move to a knowledge problematic epistemology is an understanding
that scientists often are concerned with “deep” explanatory questions: questions
about unseen underlying causal mechanisms (and interactions between conjec-
tured theoretical entities) rather than questions about direct causal relations be-
tween observable variables. Although establishing any kind of causal relation is
complex and calls for interpreting a pattern of evidence, questions about unseen
causal mechanisms call for even more complex and indirect arguments from evi-
dence.

In this analysis, we first read students’ entire interviews to identify all how and
why questions (either explicit or implicit) that might be concerned with an under-
lying causal mechanism that involves a specific unseen theoretical entity. We then
looked for evidence that students thought such questions were complex to answer,
as further evidence that they were aware of the deep explanatory nature of these
questions.

Significantly more students in the constructivist classroom (83%) generated
potentially deep explanatory questions at some point in the interview than students
in the comparison classroom (37%%1, N = 45) = 9.36,p < .01, two-tailed. For
students in the constructivist classroom, these questions centered around four main
topics: (a) How do atoms work? (b) What causes disease? (c) How do things move
and what causes them to move that way? and (d) How do people learn and come up
with their ideas? All called for serious theory building and were related to issues
that the students had worked on in science class. A striking feature of these ques-
tions was that they contained either an explicit or implicit reference to ideas that
concern theoretical terms in science; for example, ideas about atoms (including
ideas about electrons, protons, and quarks), ideas about genes and DNA, ideas
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about gravity and other forces, and ideas about underlying thinking and learning
processes.

We also examined the processes students thought were involved in answering
such questions. We identified six processes (described in the next paragraphs) that
all involved evaluation of ideas as part of a multistepped endeavor and we found
awareness of these processes to be much more common among students in the
constructivist than in the comparison classroom. This finding provided indirect
support for our judgment that students in the constructivist classroom really were
asking questions about some unseen mechanism or process, because it revealed
that these students had begun to appreciate the complexity involved in gathering
evidence for the workings of unseen causal mechanisms.

The first complex process, identifying a hypothesis and testing it, is the clas-
sic Level 2 process discussed earlier, in which one first comes up with a testable
idea and then tests it. The second, making observations and inferences, is an-
other Level 2 process in which one combines observation with knowledge or in-
ferences to reach a conclusion, and data are seen as clues that must be pieced
together to figure out an answer. For example, in discussing how one would in-
vestigate how atoms work, one student said, “Like sometimes they try to bounce
atoms off of each other or slow them down or reflect shadows off of them to
find out what they are like.” Another student discussed how scientists would fig-
ure out how kids learn: “By asking about different ways they have been taught
and questions about how they have been taught and what they think ... would be
clues kind of towards how kids learn in a certain environment.” A third kind of
Level 2 multistepped process focuses on the importance of analyzing or investi-
gating ideas that come from different perspectives. For example, in considering
how scientists answer questions about why something is moving, one student
commented, “They’d take their ideas, sort them out, compare them to other sci-
entists’ ideas and eventually come up with an answer they think is good for what
they’re applying it to.”

The remaining multistepped processes were arguably more sophisticated
(Level 2.5 in our system). For example, “making” answers is a process in which
one explicitly recognizes that an answer is not out there to be found and then un-
dertakes the challenge of constructing one. This seems to be a more sophisticated
version of finding a hypothesis and testing it because it implies a recognition that
hypotheses, as potential answers, are constructed. One student voiced this idea in
the context of discussing why scientists who were concerned with researching
questions about genes and DNA would not necessarily achieve their goals:

(S37): Itdepends on what kind of scientists they are. If they are like a nuclear
physicist or something or always working on genes and DNA and alter-
ing different things, then | don’t think hardly any of them achieve their
goals, 'cause it's so hard ... like the answer is not necessarily
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there—they have to like go out anthkethe answer—then | don’t think
they always achieve their goals.

Other sophisticated multistepped processes occasionally mentioned included (a) striv-
ing to have ideas fit together and be consistent and (b) grounding a pursuit in a theoreti-
cal orientation (e.g., one would first have a theory about how something worked and
that would tell him or her what to look for).

The majority of students in the constructivist classroom who asked clear ex-
planatory questions (13 of 15) showed some awareness of the need for
multistepped processes in answering these questions. Typically these students dis-
cussed one of the first three processes (making observations and inferences was
the most common), although 1 student (S37) discussed almost all of them! Aware-
ness of the complexity involved in answering explanatory questions was much less
prevalent for the students in the comparison classroom (4 of 10).

Thus, 72% of students in the constructivist classroom, consistent with their
move to a more constructivist epistemology and to a beginning awareness of
knowledge problematic issues, were aware that scientists might ask a deep explan-
atory question and indicated that such a question would be complex to answer. In
contrast, only 15% of the students in the comparison classroom showed this com-
bined pattern, a significant differengg(1,N=45) = 15.12p<.001, two-tailed.

Complex evaluation criteria.  Another aspect of a move to a knowledge
problematic epistemology is realizing that many scientific beliefs are not simply
right or wrong, but, rather, need to be evaluated with respect to more complex crite-
ria. Inthis analysis, we read students’ entire interviews looking for appeals to more
complex evaluation criteria. We also looked for explicit mention of knowledge
problematic themes; for example, direct comments by students of the constructed
nature of scientific knowledge.

Most students in both classrooms thought scientists were concerned with finding
outif their ideas were right or wrong. The majority of students in the constructivist
classroom (72%), however, also appealed to additional criteria for evaluating ideas
during the interview. These included gauging whether ideas were useful, explana-
tory, made sense, fit with other ideas, or fit with a pattern of evidence. In contrast,
only 2 students (7%) in the comparison classroom appealed to complex evaluation
criteria: One mentioned the need for ideas to fit with each other and with a pattern of
evidence; the other proposed the design of a controlled experiment.

In addition, 4 students from the constructivist classroom (S7, S19, S33, and
S37) made explicit metastatements that science does not involve a simple process

5In studenttranscripts, ellipses indicate that some intervening words or comments by the student have
been omitted. Questions raised by the interviewer are put in brackets.
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of “finding answers” because scientific answers are just not there to be found. For
3 of these 4 students the metastatement came at the very beginning of the interview
when they were asked explicitly about the nature of science and how scientists
achieve their goals. For example:

(S7): I mean you are not going to jUstd something. | mean you have to do
research and stuff, and like, not discover it, but get an answer in your
head. It's not just there and you pick it up; it's like you got to get it in
your mind and then you got to try it out.

(S33): OK.Theydon'tgo outand find things. Like anideais not, it's not there.
So they don't go and get it. They have to like take their ideas and other
people’sideas and put’'emtogether, and then they’ll come up with a the-
ory. And they, sometimes they try and make models and that might help
them. And that's it.

The fourth student’s metastatement (S37, cited earlier) came at the end of the
interview when he was commenting on why scientists do not always achieve their
goals.

Other explicit statements about difficulties of acquiring scientific knowledge
came in response to interview questions about the nature of theories (to be dis-
cussed more fully in the final part of the Supplementary Analyses section). In
those questions, 2 students made a distinction between facts and theories and dis-
cussed the conjectural nature of theories (S19 and S37), and 2 students talked
about how theories can bias one’s interpretation of ambiguous experimental re-
sults (S33 and S37). The general theme—strongly held ideas are difficult to
change and require multiple disconfirming experiments—was expressed by sev-
eral other students in the constructivist classroom (S1, S7, S19, S28) at different
points throughout the interview. In the words of one student (interviewer com-
ments are enclosed in brackets):

(S7): Because if your ideas are that strong you can't just change them. You
have to go atit a different way. [Why?] You would know you can’'t go at
itthe same way cause it's not going to do anything for you. Butif you go
at it a different way ... that experiment might tell you something else,
like it might be more obvious to you that you have to change your ideas.
... Iknowthatif I have atheory about something we are doing in science
then I'm not going to change it just based on an experiment | did or
something. I'm still going to want to do other things and go at it different
ways to see if that is really true.

In sum, 72% of students in the constructivist classroom mentioned more so-
phisticated knowledge evaluation criteria at some pointin the interview. These cri-
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teria (e.g., evaluating whether something is a better explanation or makes sense
given one’s prior ideas) provide further support for a constructivist Level 2 episte-
mology. Some of the students formulated an explicit distinction between finding
and making answers or talked of the ways in which one’s ideas can bias one’s in-
terpretation of results or be resistant to change (33%). In contrast, the majority of
students in the comparison classroom (93%) talked throughout the interview of
finding out if answers are right or wrong, an idea that is consistent with a knowl-
edge unproblematic epistemology.

Ideas about social interaction. A third aspect of a move to a knowledge
problematic epistemology is awareness of the diverse perspectives of individuals
and the need to provide evidence and arguments that are convincing to others. In a
third analysis, we read students’ entire interviews to look for all instances in which
they mentioned the role of other people in the knowledge acquisition process. The
constructivist classroom featured a heavy emphasis on group work, exchange of
views, classroom dialogue, and development of shared norms. Thus, we were inter-
ested in whether this emphasis would be reflected in the students’ epistemological
views. Would students in the constructivist classroom more frequently refer to so-
cial interactions as an inherent part of the knowledge acquisition process? If so,
would they conceptualize these social interactions differently from students in the
comparison classroom?

Two coders worked together to identify and underline all transcript portions
that referred to social interaction and to develop a levels-based way of categorizing
these social interactiortAppendix C presents the details of this coding system. In
brief, at Level 1, students talk of scientists as participating in concrete activities to-
gether or sharing information with each other. At Level 1.5, students talk of scien-
tists as sharing, considering, and comparing ideas with each other. The purpose
associated with these activities is to enlarge the scope of ideas considered, not to
test, develop, or evaluate the viability of ideas. At Level 2, social activities go be-
yond simply sharing ideas to incorporate Level 2 notions of explanation, test, de-
velopment, or understanding. For example, students talk of such activities as
exchanging explanations about how things work, testing each other’s ideas with
experiments or with a social process, using other people’s ideas to help develop
one’s own ideas, and trying to understand each other’s ideas.

At Level 2.5, students either interrelate two or more Level 2 ideas in a social
context (i.e., composite answers such as, they perform tests on each other’s ideas

SAfter the coding system was developed, a third scorer categorized the ideas about social interaction
that had been underlined to assess the reliability of the coding system. There was reasonable reliability
about coding not only for the general level of a response (80% agreement using a four-category system
of Levels 1, 1.5, 2, 2.5), but also for the specific subtype within that level (75% agreement on subtype
that involved 12 subcategories across levels).
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to understand each other’s ideas), or they cite a more complex social process.
These more complex social processes include gathering evidence to persuade
someone else of the value of an idea or to convince someone that an idea is wrong,
and working cooperatively with one’s colleagues to build consensus while evalu-
ating and developing ideas.

As expected, social interaction was mentioned more often by students in the
constructivist classroom than in the comparison classroom. All students in the
constructivist classroom spontaneously mentioned social interaction at least once
during the interview. On average, they brought up social issues on 6 questions in
the 23-question interview, with a range from 1 to 13 questions. Some students
went as far as stating that social dialogue is necessary for success. In commenting
on whether scientists always achieve their goals, one student asserted:

(S35): No. ... Like if other people didn’'t support their ideas, and other people
didn’t believe them, I don’t think they could be successful on their idea.
... Like I said: you need to hear what other people think to make your
idea better.

In contrast, 30% of the students in the comparison classroom did not mention
social interaction at all. Furthermore, the average number of questions on which
social interaction was mentioned in the comparison classroomwas only 1.1, with a
range from 0 to 3 questions. This average number is much less than the average
number for the constructivist classroom, a difference that is statistically significant
(t=6.97,p<.0001, two-tailed).

The two classrooms not only differed in how frequently social interaction was
mentioned, but also in the ways students conceived of this interaction. Table 2
shows the percentage of students in each classroom giving each type of response.
This analysis reveals that when students in the comparison classroom talked of so-
cial interaction, it was primarily in terms of Level 1 or 1.5 ideas. Level 1 ideas of
sharing activities or information were most common, followed by Level 1.5 con-
cepts of simple sharing of ideas. In contrast, the vast majority of students in the
constructivist classroom expressed at least one Level 2 and one Level 2.5 idea
about social interaction.

An analysis of the specific Level 2 and 2.5 responses shows the variety of ways
that students in the constructivist classroom considered social interaction impor-
tantin the knowledge acquisition process. Students did not merely comment on the
importance of hearing the ideas of others. They generally went on to comment
about how this activity contributed to the development of their ideas or the better
understanding of their ideas. Sharing explanations with others was also commonly
mentioned. The simple testing of each other’s ideas with experiments or with a so-
cial process was not as frequently mentioned, but this was because the notion of
testing was often articulated at a more complex level; that is, one needs to use evi-
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TABLE 2
Percentage of Students Expressing Different Ideas About
Social Interaction in the Two Classrooms

Level Response Constructivist (%) Comparison (%) Significance Level
1 Do activities together or exchange factual 39 48 ns(p = .5509)
information
1.5 Exchange ideas with others 56 30 ns(p = .0855)
2 Develop ideas together 50 4 p=.0001
Exchange explanatory ideas 44 4 p=.0005
Understand each other’s ideas 44 4 p=.0005
Test each other’s ideas with experiments 28 7 ns(p=.0672)
Test each other’s ideas with social process 17 0 p=.0282
At least one Level 2 response 94 19 p<.0001
2.5 Use evidence to establish the viability of 56 4 p<.0001
an idea to others
Composite response 28 0 p=.0030
Operate with social principles 22 0 p=.0095
Build consensus about ideas 22 0 p=.0095
Influence each other’s interpretations 6 0 ns(p =.2247)
At least one Level 2.5 response 78% 4 p<.0001

dence to persuade someone else of the value of one’s idea or to convince someone
else that his or her idea is wrong (a Level 2.5 idea).

Using evidence to establish the viability of an idea to others was, in fact, men-
tioned by more than half of the students in the constructivist classroom. Other
ideas, each mentioned by about one quarter of the students, were combinations of
two or more Level 2 concepts in a social context, comments about upholding the
social principle of testing ideas prior to admitting them into the social arena, and fi-
nally, comments about working cooperatively with colleagues to build consensus
on ideas and to strive toward fitting a new idea with others’ preexisting ideas. Less
frequent, but similarly interesting, were comments about working to influence
each other’s interpretations.

In summary, students in the constructivist classroom mentioned ideas about so-
cial interaction both more frequently and in more sophisticated ways than students in
the comparison classroom. Their comments depict scientists putting substantial
time, care, and effort into the challenges of persuading each other, meeting social
standards, moving toward consensus and influencing each other’s interpretations
while they strive to explain phenomena and to develop, evaluate, understand, and
clarify ideas.

Conceptions of hypotheses and theories. Inthe middle of the interview,
we asked students whether they had heard the woralsthesisindtheoryand, if
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so, what they thought hypotheses and theories were. Atissue was whether students
think of hypotheses and theories as equivalent to procedural directions or facts (i.e.,
how to do things or what happens) or as equivalent to explanations for how things
work. Also atissue was whether students differentiate between hypotheses and the-
ories and whether they recognize that theories constrain specific hypotheses.

All students in the comparison classroom had heard the Wwegpdthesisin-
deed, almost all used exactly the same words in defining a hypothesis—it was an
“educated guess"—which suggested that they had been given an explicit defini-
tion in science class. Follow-up probing indicated that, for most students, the edu-
cated guess was about what materials to use in an experiment (what things would
work best) or what would happen while following one’s procedure. Only one stu-
dent made some reference to explanation; she defined a hypothesis as “a logical
explanation or guess.”

A similar picture emerged for their understanding of the tdreory. Although
students were more idiosyncratic in their responses to what a theory was, their re-
sponses were fairly low-level or ambiguous. Some were unfamiliar with the term
or defined it fairly concretely in terms of the steps used to do something, a way of
saying something, a topic, what happens, or a guess. Others initially mentioned
thatit was an idea about something or “something that you think,” but then went on
to say that it was an idea about what to do or what happens. Still others left the na-
ture of the idea unspecified. Only one mentioned that it was an idea about “why
things happened” and another described it as a “viewpoint.”

Unlike the students in the comparison classroom, no student in the
constructivist classroom was familiar with the wdnglpothesis(Their teacher
later informed us that this term had never been explicitly introduced in their class-
room.) They all, however, were familiar with the wdtttoryand their responses
were generally either ambiguous or at a higher level than those of students in the
comparison classroom. Only two students in the constructivist classroom de-
scribed a theory specifically as an idea about what happens or how to solve a prob-
lem. Many (55%) described a theory ambiguously as a person’s idea about
something, and left the nature of the idea unspecified. The remainder of the stu-
dents (33%) specifically stated or implied from their examples that theories are
concerned with ideas about how things work.

Two students in the constructivist classroom struggled at length to discuss the
conjectural nature of theories and how they are evaluated with indirect arguments
or evidence. For example, one of these students discussed how a scientist’s theory
about atoms was like one’s attempts to theorize about the contents of a box, where
one cannot look inside the box or directly see the contents:

(S37):  Atheoryis maybe a thought of what you think itis. ... There’s some-
thing in a box and you couldn’t see it, and you knew it made a certain
noise when you shook it and then it was heavy, you'd have, you could
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develop atheory, well I think it's a rock or a weight or something, be-
cause you are not sure, but it’s like what you think. [So do you think
scientists have theories?] Scientists? | think they do have theories.
Because, let's see, there’s Helmut Fischler who came to our class, and
he works on the atom and all he has is theories. | mean, cause you
can'treally see an atom, so he has to think of, well “this is what makes
sense,” like this part of the atom needs something to hold it together,
so let's see, one part of the atom would need another part to help it or
something. His theory would be he thinks there are protons and neu-
trons of an atom, because it makes sense to him, although for most
people it's almost a fact that there are those things. He thinks elec-
trons go around in little circles, because it makes sense to him. No-
body really knows the truth, but it's his theory because that’'s what
makes sense to him.

The other student also discussed the role of indirect argument and evidence and the
use of analogies in the development of theories about how atoms work:

(S19): Atheoryis anidea that you hav.. . You can’'t have a theory about a
chair—that the chair is there—because that's a fact, so theories can’t be
facts. They would be justideas that you may be able to prove with some
experiments or you may not be able to prove. [Do you think scientists
have theories?] Yeah. | think that is what their work is based on. [In
what way?] Like people who work with atoms ... There wouldn’t be
even afield or their job if there wasn’t a person who had a theory of the
atom, and some people, their job is like just thinking up of theories
about atoms, good explanations. [And other people, what's their job?]
To try experiments out about the atoms. Like sometimes they try to
bounce atoms off each other or slow them down or reflect shadows off
ofthemto find out what they are like. [Did you have someone come talk
to you about this?]. Yeah, some people came and we were talking about
our analogies of what they do. [Analogies, what do you mean by analo-
gies?] One analogy was like what if the science room was a dark room
.... There was something in there, but we didn’t know what it was. And
all we had was an open window, but there was no light shining in ... .
And then we were thinking of bouncing the tennis balls off and finding
what sound it made, or if anything flew off of it, if it was fragile or some-
thing concrete. Andhat, we sort of figured outhat, was an analogy
for—bouncing the tennis balls were little atoms, and in the room was a
big atom and we were bouncing the little atoms off the big atom to find
what form or what the pieces were of the atom, because there was no
other way we could see it.
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Thus, across students in the two classrooms, there was a range of meanings
given to the wordheory,progressing from a fairly restricted notion of theory as in-
volving something concrete (i.e., what to do, what to say, etc.) or some concrete
idea (i.e., an idea about what to do or what happens), to a broader notion of theory
as involving any idea you have (including both more concrete and more explana-
tory ideas), to theories as specifically concerned with conjectural and explanatory
ideas. In general, awareness of the explanatory nature of theories lags behind
awareness that scientists ask explanatory questions. Some students who gave ex-
amples of explanatory questions still seem to have a broader meaning for theory
that includes any idea that scientists have.

Question 14 in our interview (Do you think a scientist’s theory influences his or
her ideas about specific experiments?) was very difficult for students in both class-
rooms. It was designed to probe for an awareness that scientists’ theories constrain
their generation of specific hypotheses and interpretation of experimental results
(Level 3 understandings). In fact, no student in either classroom interpreted the
question in both of these sophisticated ways. Some students explicitly balked at
the presence of the wordiseoriesandideasin the same question—arguing that
they were the same thing so that the question did not make sense. Others seemed to
ignore the second mention imfeasand simplified the question to “How do scien-
tists’ theories (or ideas) affect their specific experiments?” or reversed the ques-
tion to answer “How do scientists’ experiments affect their ideas?” Still others
thought theories affected experiments by specifying what to do or what to try out.
In these responses students often discussed getting a good outcome or getting
something to work. There was surprisingly little focus on designing experiments to
evaluate ideas where the ideas were something more complex than an idea about
what works. Finally, a few students could articulate no relation at all between a
theory and experiment.

Sevenstudents (39%) inthe constructivistclassroom, however, did attemptanin-
terpretation of the question that had an explicit role for lbdoriesandideasand
that went beyond the idea that theories were simply the ideas tested in experiments.
One of these students said that a scientist’s theory about how atoms work provides
reasons for his or her ideas about atoms, but he did not elaborate further. The others
talked of theories as affecting the scientists’ perception or understanding of experi-
mental results. The 2 students with the most sophisticated responses (S33 and S37)
discussed how the scientists’ commitment to their ideas could lead to bias in inter-
preting ambiguous perceptual information; hence it would take scientists a number
oftrialsto overcome this bias (these students were lab partners who encountered this
problemintheirinvestigations of the motions of objects). Others talked more simply
oftheories affecting what events one chooses to focus on orlook atin an experiment,
or whether one will initially believe or understand one’s results.

In summary, these explicit questions about hypotheses and theories were diffi-
cult for students in both classrooms and failed to elicit any Level 3 understandings.



SIXTH-GRADE STUDENTS’ EPISTEMOLOGIES OF SCIENCE 393

Nonetheless, students in the constructivist classroom showed more insight on these
questions than students inthe comparison classroom in that (a) one third of them de-
fined theories as specifically concerned with explanatory ideas, and (b) more than
one third understood that theories could influence other mental processes (other
ideas, what one chooses to look at, how one interprets or evaluates what one sees,
etc.). In contrast, although all students in the comparison classroom knew the word
hypothesistheir definition of “educated guess” (either about how to do something

or what will happen) was still consistent with a knowledge unproblematic episte-
mology. Furthermore, they generally thought of theories as activity oriented—as di-
rectly affecting what one chooses to do rather than how one thinks.

DISCUSSION

Can Sixth-Grade Students Develop a Sophisticated,
Constructivist Epistemology of Science?

The main question addressed by our study was whether sixth-grade students would
be able to develop a sophisticated constructivist epistemology of science by partici-
pating in an elementary science curriculum that supported the development of such
an epistemology. Our data suggest that they can. In particular, students in the
constructivist classroom were centrally aware that science involved the develop-
ment and modification of ideas about how the world works, that these ideas take
work to develop and understand, that experiments are useful both as a means of
clarifying and testing ideas, and that collaboration is important in all aspects of the
process. Furthermore, the understandings revealed through our analyses of the Na-
ture of Science Interview data were consistent with prior data gathered by
Hennessey for these same students in the natural context of her classroom. Signifi-
cantly, these students’ understandings about science go well beyond what has been
previously reported in the epistemological literature for students of this age, and
therefore provide further evidence against the view that there are biologically based
developmental constraints on young children’s thinking of the type envisioned by
Piaget. Although their understandings fall short of a Level 3 epistemological
stance, these students have made progress in appreciating some of the kinds of
mental and social work that are part of the process of scientific knowledge acquisi-
tion. Let us now consider each of these points in greater detail.

Core epistemological ideas about science for students in the constructivist
classroom (based on the Nature of Science Interview data). Figure 7 dia-
grams the network of Level 2 ideas that we identified for students in the constructivist
classroom based on their responses in the Nature of Science Interview. It also shows
some of the ways these ideas were beginning to be interrelated in students’ responses.
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The facts that the students consistently referred to a variety of Level 2 notions
throughout the interview, that they had begun to interrelate these notions explicitly,
and that each of these notions supports the differentiation of ideas from evidence sug-
gestthat these students had developed a qualitatively different way of thinking about
science from students in the comparison classroom. These Level 2 ideas also were
supported by the students’ understanding of the importance of collaboration in scien-
tific inquiry: Collaboration was seen as integral to the processes of understanding
one’s ideas and sorting out their status, generating explanations, and testing and de-
veloping ideas.

At the top of the diagram is concern with understanding one’s ideas about the
world. Almost all of these students expressed this idea at some point in the inter-
view, and for most students it was an idea mentioned in the first cluster of ques-
tions. Thus, it seemed to be a framing idea for them (which is why it is placed at the
top of the network). Furthermore, they all seemed to realize that understanding
ideas takes work. They viewed discussion with others and active experimentation
as both contributing to this process.

Related to the concern with understanding ideas is the awareness that scientists
are concerned with explanation and that different people have differentideas about
how to explain events. Scientists ask many types of questions, not just factual
questions, such as, “Is this apple red or green?” Rather, they are concerned with
understanding how things work and why they happen. In seeking explanations,
they are concerned with theoretical concepts (such as atoms or forces), and they
ask questions about these entities (e.g., What are atoms like? What forces are at
work in different situations?). We speculate that it is because the students them-
selves had been concerned with investigating deeper explanatory ideas and with
considering the often initially unintelligible explanatory ideas of their peers that
they had come to realize that they have to “work” to understand this type of idea.

Closely related to a concern with understanding one’s ideas and striving for an
explanation are the concerns with testing and developing ideas through experi-
ments. If the scientist is not simply looking for observable results (i.e., did it work
or not), then it follows that experiments do not provide answers but, rather, provide
evidence for or against an underlying idea. Scientists engage in trying to prove
ideas right or wrong to each other. To be convincing (to oneself and others), one
often needs to test an underlying idea in different ways with multiple experiments.
Ideas are complex and have multiple parts that get changed, rearranged, and re-
vised over time. Furthermore, doing multiple experiments is intimately involved
with the process of developing an understanding of ideas in a community of inquir-
ers. In such a community, one’s ideas not only have to fit with the evidence, but
also with one’s own ideas and the ideas of others. Thus, the overarching goal of un-
derstanding one’s ideas, which is central in the constructivist classroom, leads stu-
dents to engage in and recognize the importance of the complex and sustained
kinds of work that are needed for these understandings to evolve.
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Relation to previous data gathered in the constructivist classroom.  Fur-
ther evidence that students in the constructivist classroom genuinely understood that
science (and science learning) involves the active construction and modification of
ideas, rather than the simple accumulation of facts and information, comes from an
analysis of data gathered earlier in the year by Hennessey in the natural context of her
classroom. In that study, these same sixth-grade students had been asked to respond to
one of two questions about their thoughts: One question asked them to describe their
views of what science is, and the other asked them to describe their views of the nature
of learning in their science classroom. Students worked individually during class time
for about a week to write essays expressing their individual views. A little over half of
the students chose to write about the nature of science, and the others wrote about the
nature of learning in science class.

Among the essays written about the nature of science, all students commented
on the central role of ideas in science and the importance of working to understand
ideas—both framing themes expressed in responses to our Nature of Science Inter-
view as well. In addition, all students explicitly commented on the ways scientists’
ideas guide their inquiry processes. Some students commented that scientists must
use their ideas, along with the ideas of others, in developing their theories; other
students commented that scientists must use their ideas in planning experiments,
interpreting experimental results, or, more generally, in guiding everything they
do. The guiding role of ideas had been expressed in their Nature of Science Inter-
views, although not always as explicitly or eloquently as in their classroom essays.
The following extracts from essays of four different students serve as examples
(Hennessey, 1994a).

(S15): Science is many different things to me. It's about understanding what |
think and why | think it. It's about understanding how things work. For
example, physicists want to know how atoms were formed and they
gather together to create matter. However, physicists cannot really
know for sure “how” the atoms were formed because the universe was
not in existence at the time they were created. So physicists develop a
theory of how they think atoms were created. This theory is more than
just a guess, it is based on their own ideas of what the universe could
have been like at the very beginning. As their ideas about the early uni-
verse change so does their theory of how the atoms were created.

(S30): Science is also about ideas and understanding. You would have to un-
derstand what you're dealing with when you're trying to find answers to
guestions. When you are finding answers, however, your own ideas
about the question guide your plans for the experiments that you do to
answer the questions. When you are trying to find the answers to your
guestions, your own ideas become part of the answer. You use your
ideas and past experiences to guide everything you do.
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(S23): Dealing with your ideas is the most important thing that you can do.
Your ideas are what you use to interpret your experience. Some ideas
are more developed than others and you can use these ideas to plan sci-
ence experiments or interpret the results of the experiments. Otherideas
are fuzzy or not very clear. When ideas are not clear they cannot be used
to explain or interpret anything.

(S37): Ithink science changes because people’s ideas change over time. This
even happens in school science. For example, when someone tells you
their ideas you may or may not understand it. However, if they change
their explanation a little then you can understand it. Or when different
people inaclass explain their thinking about something we are all work-
ing on, soon different people in class begin to change their thinking and
sodol. That's how | develop myideas. | discuss with other students and
| listen to their explanations. | try to see things from their perspectives
and they try to see things from mine. All of us begin to develop ideas
that are a combination of what we hear or discuss—that’s how | change
my thinking. | think people who are scientists do the same thing. Only
when they change their ideas or describe them from a different perspec-
tive then science itself changes.

In the essays about the nature of learning in Hennessey'’s science class, once
again all students focused on learning as a constructivist process of trying to under-
stand and develop one’s ideas. They also all commented on the central role of col-
laboration and interpersonal exchange in this learning process: Sharing ideas with
others not only helped them to understand their own ideas, but also provided a
valuable source of new ideas. These themes had been expressed widely in re-
sponses to our Nature of Science Interview as well. The one theme that was more
centrally and explicitly articulated in their classroom essays than in the Nature of
Science Interview was the idea of perspective taking. Significantly, the majority
talked of learning as involving active perspective taking, considering and compar-
ing multiple points of view, and figuring out how perspectives relate to each other.
For example, the following extracts illustrate the ways students described the per-
spective-taking process in their essays (Hennessey, 1994a).

(S39): Understanding my ideas and how they relate to other people’s ideas is not
always easy and takes a lot of time. The people you are working with in
your lab groups are also trying to explain their ideas and all of us are trying
to explain our ideas about the experts’ ideas. This can get to be confusing
because different people see the same thing from different perspectives.
It's nice to know that there is no one way of looking at things like Mr. New-
ton’sideas about gravity or Mr. Einstein’s ideas about gravity—they are so
different. | guess thatis because they worked from different perspectives.
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(S7): Learningisconsidering my own ideas and how they fittogether. I like to
consider my own thinking because then | can understand more about
why I think the way | do. | can also learn about the science communities’
ideas the same way. For example, | can compare my classmates’ ideas
to mine and by doing this it helps me build a bigger and stronger or more
complex description of what we are talking about. My classmates and |
also can do the same thing when we are considering a scientist’s ideas.
It's really the same thing you know—thinking about someone else’s
ideas and trying to see it from their perspective ....

To learn | think you need a good understanding of your ideas about the
topic before you can do anything else. Like when | stopped to think
about my ideas of how gravity worked, they made perfect sense to me. |
remember the big debate we got into in third grade over how gravity
worked—did it push or did it pull! Now the debate is much more com-
plex and centers around comparing and contrasting our ideas to Isaac
Newton’s ideas. And trying to figure out what he meant by parts of his
theory; like the influence between two objects, no matter how far apart,
never decreases to zero—now that | find intelligible but certainly not
plausible!

(S33): I think the most important part of learning is being ready to change the
way | look at things. Looking at things from different perspectives helps
to make it easier for me to think about the things better. It makes it easier
to change my ideas, to find different ideas more plausible than mine,
and explain complicated ideas better. Say you didn’t have any ideas that
you thought about on a part of science and you looked at a researcher’s
work. | don’t think it would make any sense to you at all because you
didn’t even have one thought of your own about the researcher’s work.
You couldn’t use your thoughts to help understand the researcher’s
work. But, if you had thoughts of your own, you could use them to un-
derstand the ideas of the researcher’s work and it would be much easier
to explain the researcher’s work to someone else.

(S45): Learningis easier to do when you compare and contrast your ideas with
someone else’s ideas. Comparing and contrasting helps you think of
things from a different perspective than your own. When you think of
things from different perspectives then your ideas began to mix with the
other perspectives and finally your ideas change over time.

In these essays on learning, students also spontaneously distinguished between
the active process of learning they experienced in Hennessey’s class (a process
that involved understanding ideas, fitting them together, relating them to other
people’s ideas, and applying them in new contexts) and more passive processes
that they had experienced in other subjects (memorization and repeating facts
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without understanding). These comments provide one piece of evidence that these
students were developing different epistemological stances in different domains
that reflected their contrasting educational experiences. Even more direct evidence
on this point came from a whole-class discussion these students had with a science
educator, Peter Hewson, and a physics educator, Helmut Fischler, on these very is-
sues during a visit to their sixth-grade classroom (M. G. Hennessey, personal com-
munication, August 1999). In that discussion, the students expressed disbelief that
subjects such as math or reading could be taught in the more constructivist fashion
they had experienced for science, and they challenged Hewson and Fischler to ex-
plain how it could be done!

Relation to previous findings in the epistemological literature. With re-
spect to the epistemological literature previously reviewed, the kinds of
constructivist insights that were expressed by students in Hennessey'’s classroom, in
both their responses to our Nature of Science Interview and their classroom essays,
go well beyond the kinds of insights that would be expected for students of this age.

The prior literature on students’ epistemologies of science using Carey’s Nature
of Science Interview showed that middle school and even high school students with
traditional schooling backgrounds typically responded in simple Level 1 fashion.
The percentage of students that expressed consistent Level 2 scores was small: 0%
(Carey etal., 1989) and 3% (Honda, 1994) for two samples of 7th graders and 25%
for a sample of 11th graders (Honda, 1994). The low rate of consistent Level 2 re-
sponding among the current sample of sixth graders in the comparison classroom
(4%) fits with this prior literature. Average level scores for the previous studies gen-
erally increased after exposure to an innovative curricular unit about the Nature of
Science designedtoteach Level 2and 3 points. The only sample for which a majority
of students achieved average Level 2 views, however, was a sample of 11th graders:
64% of 11thgraders (Honda, 1994) compared with only 18% (Careyetal., 1989) and
30% (Honda, 1994) of 7th graders, in two separate studies. Although Honda’s crite-
riafor Level 3responding was less stringentthan ours, Level 3responding was quite
rare in her studies and no student achieved consistent Level 3 responding.

In light of this literature, the achievements of the students in the constructivist
classroom are particularly noteworthy: 83% of the sixth graders in the
constructivist classroom had an average level score of at least Level 2, and all of
these students had average level scores that were greater than 1.5. These findings
show that the differentiation of explanatory ideas and evidence need not be limited
to just a few precocious sixth graders, butis well within the grasp of an entire class-
room of students. Indeed, more 6th-grade students expressed consistent Level 2
views than the 11th-grade students in Honda'’s (1994) study who participated in an
innovative Nature of Science unit. Furthermore, the Level 2 epistemology
achieved by students in the constructivist classroom was more elaborated and
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constructivist in tone than the Level 2 epistemology described by Hohdthat

coding system, the hallmark of Level 2 is an awareness that scientists do experi-
ments to test their ideas. Hypotheses, however, are essentially descriptive rather
than explanatory. Thus, for Honda, Level 2 is a simple inductivist epistemology. In
contrast, students in the constructivist classroom mentioned not only the notion of
testing ideas, but also the notions of explanation, development, understanding, and
collaboration. They did not think that scientists got their ideas just by looking at
experimental evidence. They were aware of the mental and social work it takes to
understand and develop one’s ideas and of the fact that explanations often concern
unseen theoretical entities. Each of these additional ideas not only contributes to
these students’ differentiation of explanatory ideas and evidence, but also gives
their epistemology a decidedly constructivist tone.

The constructivist insights achieved by Hennessey’s students also go well be-
yond the new insights of elementary school students that are commonly reported in
the theory of mind literature. For example, studies have shown that elementary
schoolchildren cometounderstand (a) thatsimple exposuretoaninformation source
isnotenoughtoknow about something if one has notattended to the information or if
the quality ofthat source isimpaired (Montgomery, 1992; Taylor, 1988), and (b) that
one can know something even if one has not directly seenitif one canlogically infer
it from the information given (Sodian & Wimmer, 1987). Wellman (1990), how-
ever, distinguished between becoming aware of the mind as an active agentand hav-
ing a sophisticated constructivist theory of knowledge and truth. Whereas
elementary schoolchildren become aware that prior knowledge may influence the
accuracy of one’s perception of events, they do notyet see prior knowledge as essen-
tialtothe knowledge construction process or as directingits course. They also do not
think of truth as elusive or relative to one’s framework of inquiry.

In light of this literature, it is significant that the sixth-grade students in the
constructivist classroom understand that scientific knowledge grows out of and
depends on the prior ideas they and others hold, and that individuals have different
starting ideas that influence their sense-making efforts. In their responses to the
Nature of Science Interview, these students clearly recognized that scientists have
initial ideas that are subject to evaluation, revision, elaboration, and development.
They were also deeply aware of how knowledge-building efforts are enhanced by
collaboration and consensus building, understandings that have not been discussed
much in the prior epistemological literature and which Driver et al. (1996) found
absent from the simple inductivist epistemology embraced by high school stu-
dents. Furthermore, in their classroom essays, the students in Hennessey'’s class-
room were able to reflect on these starting ideas as perspectives; to identify and

“Animportant feature of Honda’s (1994) work was the effort to clarify the distinction between Level
2 and Level 3 understandings. We note that in our current system, what Honda called Level 2 would be
considered Level 1.5 and what Honda called Level 3 would be considered Level 2.5.
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bracket the perspectives of self, other, and the science community; and to be ac-
tively engaged in thinking about how these different perspectives relate to each
other. They also made a distinction between the cognitive activities of memorizing
and understanding, which Fabricius, Schwanenflugel, Kyllomen, Barclay, and
Denton (1989) found to be a much later development. Students noted that they
could repeat and remember things that they have not fully understood and argued
that true learning involves understanding, not just memorizing. In all of these
ways, the students in Hennessey’s classroom have developed a more sophisti-
cated, constructivist epistemology than has been previously reported for students
of this age or than would be expected by those espousing the Piagetian hypothesis
that elementary schoolchildren are “concrete” thinkers.

Has this greater awareness of the role of ideas in knowledge construction un-
dermined a belief in absolute truth and led these students to hold a radical relativist
view in which all viewpoints are equally valid and conflicts in opinion cannot be
resolved? Or, were they able to develop a commitment to evaluating different
points of view in light of arguments and evidence and an openness to changing
their views? As Hofer and Pintrich (1997) noted, “Openness to new interpretations
is a key element of King and Kitchener’s (1994) highest stage of reflective judg-
ment and D. Kuhn (1991) speaks of evaluative epistemologists (the highest level)
as open to the possibility that their theories may be modified by genuine inter-
change” (p. 120). Unfortunately, our Nature of Science Interview did not pose di-
rect questions about the certainty of scientific knowledge or about how scientists
would resolve conflicting claims, questions that were used in past research to elicit
radical relativist views. Hence, we do not know what these students would say to
such direct probes. What we can say, however, is that radical relativist views were
not expressed in their responses to our Nature of Science Interview. Instead, their
responses throughout the interview showed that these students saw scientists as
committed to evaluating their ideas against multiple standards: the evidence from
one or more experiments, the scrutiny of peers, and their own individual
sense-making efforts. Furthermore, in their reflections on their own classroom
learning in their classroom essays, it is striking how much value the students
placed on considering the perspectives of others and being open to changing their
own views. Thus, some important intellectual attributes and dispositions, com-
monly attributed to highly mature learners, already appeared to be present, at least
in nascent form, in these sixth graders.

Limitations in students’ epistemological views. Although the students in
the constructivist classroom had developed and elaborated a rich Level 2 episte-
mology, their epistemology fell short of being the Level 3 knowledge problematic
epistemology described by Carey and Smith (1993), in which students make a prin-
cipled distinction between framework theories and more specific hypotheses, and
in which they have a detailed grasp of the logic of hypothesis testing. Given their
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ability to develop an epistemological stance toward science that acknowledges the
central role of ideas in knowledge acquisition, such limitations may reflect limita-
tions in domain-specific knowledge of scientific theories and methodologies rather
than limitations in a general capacity to reflect on their ideas. Developing a Level 3
epistemology of science certainly would require experiences with more sophisti-
cated theory building using careful scientific methodology than these students had.

In what ways do students’ ideas fall short of these Level 3 understandings?
First, students in the constructivist classroom had not yet defined scientific theo-
ries as a coherent set of principles or concepts that are used to explain a wide range
of phenomena and that constrain the generation of specific hypotheses; nor did
they explicitly see the goal of science as developing increasingly more adequate
explanatory theories. Rather, they talked more simply of theories as “their ideas”
or at best “their ideas about how things worked,” and they talked of the goals of
science as “understanding their ideas,” “developing their ideas,” or trying to un-
derstand how something works or why it happened.

Second, in giving examples of scientific questions, students did not give exam-
ples of multiple levels of chained questions that they saw as intrinsically interre-
lated. For example, the process of answering a broad theoretical question includes
giving operational definitions for key terms and asking more specific questions
about relations among measurable variables. Students in the constructivist class-
room generally gave examples of broad theoretical questions, but they did not ex-
plicitly comment on the subquestions involved in making operational definitions
or in providing strong evidence for a causal relation.

Third, students in the constructivist classroom did not talk of experimentation
as the controlled manipulation of environmental conditions that enables scientists
to empirically distinguish alternative causal hypotheses. Nor did they discuss hy-
pothesis testing as a means of providing indirect evidence for or against a larger
theory. Rather, they talked more simply of an experiment as a means of testing,
clarifying, or developing one’s ideas and made no reference either to control
groups or to a distinction between correlational and experimental designs.

Finally, in discussing the processes by which ideas change in science, students
did not state explicitly that theories constrain the generation of newideas. They also
did not make an explicit distinction between normal science (in which one adds
incrementally to an existing theory) and revolutionary science (in which a new the-
ory ascends above an older theory). Rather, they talked more simply of change as in-
volving the development of ideas, of new ideas as needing to make sense or fit a
pattern of data, or of difficulties related to changing a whole theory either because it
had multiple parts or because it was something that was strongly believed.

Our data from the Nature of Science Interview do, however, highlight the ways
thatthese students’ Level 2 ideas were preparing them to understand Level 3issues,
andthe ways thatthey had already begun to appreciate the problematic nature of sci-
entific knowledge. Students in the constructivist classroom did understand that sci-
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entists’ ideas play a guiding role in inquiry—experiments are designed to test
scientists’ ideas and the goal of science is to gain a better understanding of their
ideas. Many were aware that ideas had multiple parts that had to be pieced together
and, hence, thataseries of experiments was needed to build a better understanding of
these ideas. The supplementary analyses revealed that most of these students were
implicitly aware of the conjectural nature of scientists’ ideas (as demonstrated by
their examples of scientists’ ideas and the fact that they realized that some
multistepped process was needed to evaluate these ideas) and of the need for these
ideas to be coherent (by talking of the need for ideas to “make sense”). A few went
beyond these implicit understandings with explicit comments that scientists make
ratherthan find ideas and that ideas need to fittogether and be consistent. A number
of students noted that scientists’ ideas can affect what they choose to look at, bias
their interpretation of results, and resist change. By expressing that coming to know
somethingin science requires explaining phenomena using conjecture as well as de-
veloping, evaluating, understanding, and clarifying conjectural ideas, students in
the constructivist classroom showed an awareness that scientific knowledge s prob-
lematic in nature. In their awareness that coming to know something in science re-
quires scientists to contend with the perceptions and reasoning of social peers,
studentsinthe constructivist classroom showed an evenricher sense of the problem-
atic nature of scientific knowledge. That is, they showed some appreciation of how
the fuzzy factors of human perception and reasoning constrain observation, concep-
tualization, and interpretation of phenomena, and how the fuzzy factor of human
judgmentconstrains decision making and consensus building regardingwhichideas
are viable and which evidence is admissible.

Implications for the Teaching of Elementary
School Science

Our work demonstrates that school science experiences can dramatically affect the
development of epistemological thinking about science during the elementary
school years. More specifically, the sixth-grade students in the constructivist class-
room had clearly developed a more constructivist epistemology of science than stu-
dentsinthe comparison classroom (or, for that matter, the students in previous stud-
ies). We would argue that the main factor responsible for the two groups’ different
epistemological stances toward science was the difference in their elementary
school science experiences. Both groups were the same age (to control for
maturationally based developmental factors) and demographically quite similar (to
control for the influence of parents and outside-of-school experiences with sci-
ence). Furthermore, other school subjects (for students in the constructivist science
classroom) were taught from more traditional epistemological perspectives, mak-
ing it unlikely that the students developed their constructivist insights from these
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other elementary school experiences. Both groups even had similar amounts of ele-
mentary classroom time spent on science. The main difference between the two
groups was the target epistemology of science that the teachers (implicitly or ex-
plicitly) aimed to help their students develop and applied when designing their sci-
ence curricula.

Other researchers (e.g., Brown & Campione, 1994; Lehrer et al., 2000; Metz,
2000; White, 1993) have already demonstrated that elementary schoolchildren are
more “ready” to engage with issues of theory building and data gathering than has
been assumed by those operating from a Piagetian-based developmental con-
straints perspective. What the research reported here adds is evidence that they
also are able to build more sophisticated epistemological understandings about
science than has been assumed or demonstrated in the prior literature. We attribute
these developments to the innovative educational environments that provide inten-
sive teacher scaffolding and support for student inquiry. Taken together, both
kinds of research not only challenge the prior conventional wisdom about the
kinds of intellectual demands a developmentally appropriate elementary science
curriculum can and should make, but also begin to provide valuable alternative
models of what a truly empowering and effective elementary school science cur-
riculum can and should be like.

Design Features of an Elementary Science Curriculum That
Appear to Support the Development of a
Constructivist Epistemology

But what was it about Hennessey, her teaching, and her “constructivist” classroom
environment that contributed to the tremendous growth in her students’
epistemological views? We believe that many coordinated aspects of her teaching
approach were essential. Although our study was not designed to address this issue
directly, we conclude by discussing what some of these coordinated features may
have beenandthe waysthey may have supported epistemological development. Our
discussion is informed by what we know about Hennessey'’s classroom from the
work of those who have studied her classroom directly (Beeth, 1998; Beeth &
Hewson, 1999a, 1999b; Hennessey, 1994b, in press; Hennessey & Beeth, 1993) and
from our own informal observations. They also are informed by prior research and
theoretical writings on features of classroom environments that may be particularly
important in promoting epistemological understanding and conceptual change.

8See Lederman (1992) for a review of studies of classroom environment features (at the high school
and college level) that are associated with growth in student understanding of the nature of science. The
findings from those studies are consistent with the arguments made here about critical features of an ele-
mentary school science classroom.
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Authentic inquiry.  First, Hennessey gives her students responsibility for
managing most aspects of their own inquiry. Although she generally begins units
by giving students a set of phenomena to explore, it is then the students’ task to re-
cord the questions they have about these phenomena, to select questions they want
to pursue further, and to plan ways to pursue their investigations. In these respects,
Hennessey routinely involves her students in what Roth and Roychoudhury (1993)
calledauthentic contextfor scientific inquiry: contexts in which students have re-
sponsibility for posing questions, generating methods, and analyzing data. This
form of more “open” inquiry starkly contrasts with the more “closed” laboratory
exercises used in traditional science classrooms, in which the problems, methods,
and often even expected answers are given to students ahead of time. Some advan-
tages of more authentic inquiry are that it ensures that the questions investigated
make sense to the students (as they are grounded in what they know and think) and it
elevates student motivation, interest, and involvement. In addition, as Chinn and
Malhotra (in press) pointed out, there is an even deeper reason that involving stu-
dents in more authentic inquiry may be particularly important in promoting
epistemological development. By leaving open both the question of problem and
method, students must confront a number of thorny issues about the interplay be-
tween theory and evidence that never get raised in more standard exercises. These
authors analyzed the detailed ways in which more authentic experimentation and
inquiry supports the development of a more constructivist epistemology and tradi-
tional laboratory exercises support a more inductivist or positivist view. Signifi-
cantly, many of the innovative curriculum units developed for elementary school
students in the last decade have all involved students in authentic inquiry (Brown &
Campione, 1994; Lehrer et al., 2000; Metz, 2000; Roth, 1996; White, 1993).

Generative problems. Second, Hennessey selects initial problems that in-
vite her students to consider issues of deep disciplinary significance. Gardner,
Perkins, Wiske, and colleagues called thgseerative topic§Gardner, 1999;
Wiske, 1997): topics that open up rich veins of inquiry within a discipline, such as
science, mathematics, history, or the arts. For example, in one curricular unit,
Hennessey'’s students explore their ideas about the day—night cycle and the causes
of the seasons in ways that encourage them both to think about the relations be-
tween the earth, sun, and other elements of the solar system, and to build models of
these relations. In another unit, students explore the motions of everyday objects
and work with each other to develop ways of describing these motions. They wres-
tle with the difficult problem of how to describe the motions in a clear and consis-
tent manner and ultimately raise deeper questions (explored in a later grade and
unit) about how to explain these motions. In other units, students explore phenom-
ena that involve them in theorizing about the nature of heat, matter, gravity, living
things, heredity, and the origins of the universe.
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These topics all involve areas where students’ starting conceptions can be quite
fuzzy and different from the ideas of science experts. Thus, in pursuing their inves-
tigations, students must work to clarify and understand their own initial ideas.
They also encounter both anomalies that challenge their thinking and new ideas
(from their teacher and others) that contribute to the process of conceptual change.

Most of the reform curricula showcased in the literature also stress the impor-
tance of picking problems that reveal important principles. However, these curric-
ula vary in whether they focus on important design and engineering principles
(Roth, 1996), on important methodologies for investigating a domain (Metz,
2000), or on underlying domain-specific theories that involve students in concep-
tual changes (Brown & Campione, 1994; Hennessey, in press; White, 1993). We
believe that Hennessey’s deliberate choice of problems that are on the frontiers of
student understanding provides her students with a particularly rich opportunity to
learn that ideas are multifaceted and involve explanatory conjectures that go be-
yond the information given. These problems also allow students to experience the
difficulties in coming to understand their ideas and to learn about the kinds of men-
tal work that go into understanding and clarifying ideas.

Representing ideas in multiple ways. A third feature of Hennessey'’s ap-
proach is her emphasis on having students take responsibility for representing their
ideas in multiple ways. Clearly, if the focus of the curriculum is on the development
and elaboration of student ideas, it is important to find ways to make those ideas
public and open to inspection and debate. Not only do explicit representations help
students concretize and systematize inherently abstract and complex ideas, they
also help students clarify ideas or discover aspects of their ideas that are not clear to
them. Finally, as has been well documented in the conceptual change literature,
making ideas public facilitates the process of conceptual change itself (e.g.,
Hewson & Hewson, 1983; Minstrell, 1982; Smith et al., 1997).

Hennessey encourages students to use a variety of means to make their ideas
public, including poster production, concept maps, physical models, drawings of
conceptual models, word processing to write out ideas, audiotapes to dictate ideas,
and small-group and whole-group discussion to present ideas orally. Poster pro-
duction, audio recordings, and written statements not only serve to make ideas
public, but also preserve arecord of those ideas so that students can explicitly com-
pare earlier and later ideas. Significantly, Hennessey encourages her elementary
school students to represent, share, and analyze their ideas about domain-specific
science concepts as well as their metaconceptual ideas about thinking, learning,
and science. For example, students were asked to create concept maps of their no-
tion of ideas and of the terms intelligible, plausible, and fruitful, and then to write
word-processed essays in which they expressed their beliefs about the nature of
learning and science.
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Collegial learning communities and metacognitive discourse. The
fourth and fifth features of Hennessey'’s teaching approach that we believe are cen-
tral to enhancing the development of a constructivist epistemology among her stu-
dents are the kinds of social and discourse structures that characterize her class-
room. She has created what Brown and Campione (1994) caltechenunity of
learnerswhere social dialogue and collaboration is an essential aspect of the learn-
ing process, yet each student’s voice is heard, respected, and valued. Students work
together in a variety of ways—planning and conducting investigations; negotiating
the meaning of words; learning to listen, share, and raise questions about each
other’s views—much in the way a community of scientists works together in devel-
oping and considering the viability of each other’s ideas.

In such an environment, the teacher’s role is complex: Often she serves as a fa-
cilitator and scaffolder of student inquiry. At other times, she introduces the views
of members of the professional science community for her students to cohsider.
This kind of social environment facilitates students’ awareness of the diversity of
viewpoints and the ways in which they may (or may not) fully understand the ideas
of self and others. It also widens the range of ideas students consider, which often
leads them to develop more complex views. Given this kind of social environment,
it is not surprising that students view these social interactions as vitally important
to the learning and knowledge acquisition processes.

The collegial social environment in Hennessey's classroom calls for and is sup-
ported by an explicit metacognitive discourse among students about their ideas. In
her ownresearch, Hennessey (in press) extensively described the nature of this dis-
course and the variety of ways that the elementary students in her classroom are
encouraged to develop metacognitive abilities. These include explicitly stating or
identifying their own conceptions, considering the reasoning used to support a
conception, considering the implications of a conception, temporarily bracketing
or setting aside one’s own conceptions to consider the competing views of others,
reflecting on the status of conceptions of self and others (i.e., their intelligibility,
plausibility, and fruitfulness), and evaluating the consistency and generalizability
of a set of conceptions. She does not, of course, expect students to have all these
metaconceptual skills initially. Rather, it is an explicit goal of her curriculum to
help students build increasingly sophisticated metaconceptual skills and under-
standings over a 6-year period. (See Table 1 for a description of metaconceptual
goals for students at each grade level and the way she ups the ante for students in
Grades 4-6.)

9The views of science experts are presented as “one perspective among many” that are worthy of seri-
ous consideration and subject to rational debate; they are never dogmatically asserted as “the correct an-
swer.” They also are presented only after students have spent a fairamount of time exploring the concep-
tual terrain and developing their own views. In some cases, students consider competing views that exist
(or have existed) within the science community.
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In a recent observational study, Beeth and Hewson (1999a) described the com-
plex kind of discourse that occurred in Hennessey'’s sixth-grade classroom during
a 37-day unit on force and motion. They believed a crucial part of the artistry of her
pedagogy is the way she and her students weave among three kinds of discourse
throughout the unit: discourse about specific science concepts, metacognitive dis-
course concerning the status of their ideas, and discourse about epistemological
standards. They also believed the depth of understanding her students achieve is
significantly influenced by three sources of authority at play in this learning com-
munity: curricular authority, authority of epistemological standards, and personal
authority. Curricular authority is in the hands of the teacher as she chooses con-
cepts for study and the depth of target understandings. The authority of the scien-
tific community’s epistemological standards is introduced by the teacher when
students are ready to apply them, by teacher-initiated questions such as these: Do
you have evidence for your ideas? Are your ideas consistent with other ideas? Can
you use your ideas to make predictions about new situations? Students also negoti-
ate and apply their own epistemological standards. This personal authority is exer-
cised by the students as they determine what to understand and ways to apply their
ideas to new contexts. Hennessey respects and nurtures this personal authority by
providing ample time for students to work with ideas, to negotiate standards for
judging ideas, and to explore the status of ideas.

We believe that the discourse in Hennessey'’s classroom has all the elements of
what van Zee and Minstrell (1997) callegflective discourseg kind of discourse
that they argued is crucial to supporting the process of conceptual change. In con-
trast to the teacher-controlled discourse of more traditional classrooms that fol-
lows the rapid-fire IRE format (teachenitiates question, studentesponds,
teacherevaluatescorrectness of student response and then moves on to the next
question and student), reflective discourse is more student centered, slower paced,
and open ended. In particular, the questions and comments raised by the teacher or
other students occur in reaction to student-initiated comments and often have the
structure of a reflective toss (student utterance, teacher or student question or com-
ment, student utterance). Such questions and comments may probe for clarifica-
tion and elaboration of meanings, draw out a variety of views in a neutral manner,
and encourage students to monitor the discussion and their own thinking. Both stu-
dents and teacher take the important roles of questioners and commentators, and
vigorous student-student—student reflective dialogues ensue.

Although reflective discourse with these features has been described for a vari-
ety of reform curricula both at the elementary and high school levels (Brown &
Campione, 1994; Hennessey, in press; Lampert, 1990; Lehrer et al., 2000; Metz,
2000; Minstrell, 1982), there may be distinctive differences in the ways this type of
discourse is orchestrated and the relative importance placed on its different com-
ponents. For example, some teachers seem to focus on scaffolding discourse about
evaluating an idea in relation to its fit with evidence (Brown & Campione, 1994;
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Lehrer et al., 2000; Metz, 2000). Other teachers, such as Hennessey (in press),
seem to put greater emphasis on scaffolding discourse about evaluating an idea in
light of a variety of criteria: its intelligibility, its fit with their prior ideas, and its fit

with evidence. The way these differences manifest in a given reflective discourse
not only interacts with how the acts of inquiry occur in the classroom, but also may
have implications for the epistemological lessons students learn from the curricu-
lum in which the discourse evolves. Perhaps one reason that the students in
Hennessey’s classroom were so aware of the guiding role ideas play in scientific
inquiry was the great emphasis she placed on having them evaluate their ideas not
only in terms of fit with evidence, but also in terms of intelligibility and fit with
their prior ideas.

Other features. A variety of additional factors may have contributed to the
effectiveness of Hennessey’s curriculum in bringing about change in student
epistemological understandings. Hennessey is a knowledgeable scientist, with
graduate study in the biological sciences. Her depth of scientific knowledge, as well
as her willingness to research topics or contact experts, allows her to respond flexi-
bly and intelligently to the questions and issues her students raise. She is knowl-
edgeable about research on student conceptual frameworks and about reform ef-
forts to teach science from a constructivist perspective, having completed doctoral
work in science education. She, herself, has sophisticated epistemological views
toward science. In addition, she is highly experienced at teaching elementary sci-
ence from a constructivist perspective, having worked from this perspective with
students over the last 20 years. Finally, by teaching science in a school that allows
her to work with the same students over a 6-year period (and by having a student
body that is relatively stable), she has an extended time scale, which makes it more
likely that deep conceptual change can occur. She has unique opportunities to get to
know her students and their thinking, to invite them to revisit and deepen their un-
derstanding of topics at varying points throughout the curriculum, and to remind
them of their earlier views (e.g., she pulls out posters saved from prior years and
discusses with students how their ideas have changed). In all of these respects, her
classroom may represent a best case scenario for bringing about change in students’
epistemological understandings.

However, we believe that we can learn a great deal from careful analysis of best
case scenarios. Theyinform us of whatis educationally possible given the prior con-
cepts and developmental limits of elementary schoolchildren. What we learn is that
elementary schoolchildren are much more capable of engaging with theory building
and epistemological issues than many have assumed. Best case scenarios also can
contribute to our understanding of exemplary educational practice and to our devel-
opment of amore adequate vision of what the central goals of an elementary science
curriculum canand should be. Like anumber of other researchers in the field, we be-
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lieve it may be particularly important to develop students’ epistemological under-
standings early, as these views can provide an exciting and empowering framework
to build on in their subsequent science educational experiences.
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APPENDIX A
NATURE OF SCIENCE INTERVIEW

Goals of Science

1. What do you think science is all about?
2. What do you think the goal of science is?
3. What do you think scientists do?

3a. How do they achieve the goals of science?

Types of Questions

4. Doyouthink scientists ask questions? What sorts of questions? IF NO, go to
Question 6.
5. How do scientists answer their questions?
5a. Canyou give an example of a scientist’s question and what he or she would
do to answer it?

Nature and Purpose of Experiments

6. What is an experiment?

7. Do scientists do experiments? IF NO, skip to Question 10.

8. Why do scientists do experiments? IF “to test ideas,” THEN: How does the
test tell the scientist something about the idea?

Role of Ideas: Conceptions of Hypotheses and Theories

9. How does a scientist decide what experiment to do?

10. Have you ever heard the wdrgpothesi8 IF NO, explain: A hypothesis is
an idea scientists have, an idea about how an experiment would turn out. IF
YES, ask: Whatis a hypothesis? IF “educated guess” or “guess” THEN ask:
Do you think a hypothesis is the same as a guess or do you think that there is
a difference? What is the difference?

11. Doyouthinkascientist'sideas influence the experiments he or she does? IF
YES: How? IF NO: Do scientists ever test their ideas?
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12. How do you think scientists come up with their ideas?

13. Have you ever heard the waiteory? IF YES: What is a theory? Do you
think scientists have theories? IN ALL CASES, EXPLAIN: “A theoryis a
general idea about how and why things happen the way they do. For exam-

ple, biology is a theory about living things.”
14. Do you think a scientist’s theory influences his or her ideas about specific

experiments? How?

Unexpected Results and Disproving Ideas

15. If a scientist does an experiment and the results are not as he or she ex-
pected, would the scientist consider this a bad result? Why or why not? Can

they learn anything from this? What?
16. Say a scientistis going to do an experiment to test his or her idea. Would a
scientist do an experiment that might prove this idea is wrong? Why?

Nature of Change Processes

17. What happens to the scientists’ ideas once they have done a test?
18. Doscientists ever change theirideas? IF YES: When would they do that and

why?
19. Do scientists ever change their whole theories? IF YES: When and why?

Achieving Goals and Making Mistakes

20. Do scientists always achieve their goals? If not, why not?
21. Can scientists make mistakes or be wrong? How?

APPENDIX B
CODING GUIDE FOR THE FOUR QUESTION CLUSTERS

Cluster 1: Goals of Science

Level 1

The core feature of Level 1 answers about the goals of science is that students
talk of scientists’ ideas, experiments, and experimental results in an undifferenti-

ated fashion.

Doing things. At Level 1athe goals are simply the concrete activities and prod-
ucts of science. There is no awareness of the role of scientists’ ideas in guiding those ac-
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tivities or devising those products. For example, scientists “work in labs,
ments,” *

do experi-

try things out to see if they work,” “invent things,” or “find cures.”

Gathering information. At Level 1b, the goals involve finding or discover-
ing new information. The information is conceptualized as out there to be discov-
ered. There is no differentiation between scientists’ ideas and their observations or
experimental results, and there is no awareness of the role of scientists’ ideas in
guiding the search process. For example, students talk of “making new discover-
ies,” “learning new things,” “finding answers,” or “solving problems” with no
mention of scientists’ ideas playing any role in these processes.

” o

Level 1.5

As students make the transition from Level 1 to Level 2, they become increas-
ingly aware of the role of ideas and thinking about ideas in science, although the
nature of the ideas and kind of thinking still remains vague and ambiguous.

Thinking about ideas or data. These students begin to be aware that scien-
tists have ideas that affect their work. For example, scientists “think about their
ideas” or “think about what their data means.” They are vague, however, about the
nature of scientists’ ideas and do not go so far as to see that these ideas are being
tested in experiments.

Finding how it works, unelaborated. These students mention that scien-
tists are concerned with finding out “how something works” but give no further ex-
ample of what they mean. Hence it is ambiguous whether they are referring to a
concrete procedure (i.e., how to work something) or an underlying mechanism.

Level 2

The core feature of Level 2 is that students have made a differentiation between
scientists’ ideas, experiments, and experimental results. This differentiation en-
ables students to have a notion of explanation (i.e., ideas that explain some phe-
nomena or test results) and hypothesis testing (i.e., evaluating an initial idea in
light of results). As they begin to realize that ideas are complex and have parts,
they also realize that ideas take work to understand and develop over time. Stu-
dents may comment on any one of the following four ideas.

Finding explanations. These students focus on scientists’ concern with
finding or figuring out (a) how something works (with a clear example showing that
they mean some underlying mechanism) or (b) why it happens.
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Testing ideas. These students make clear that the scientist has some initial
idea that is being tested by the experiment (e.g., he “tests his ideas by doing experi-
ments”; he “does experiments to find out if his ideas are right or wrong”).

Understanding ideas. These students see the goal of science as understand-
ing one’s ideas, where it is assumed that ideas are not immediately graspable, and
that it may take some work to understand them. For example, scientists “try to un-
derstand their ideas and the ideas of others,” “they try to figure out what their ideas
mean.”

Developing ideas. These students see the goal of science as developing
one’sideas, where itis assumed that scientists build, alter, add to, or take away from
ideas.

Level 2.5

At Level 2.5, some students show a more sophisticated understanding of the
goals of science by interrelating two or more Level 2 ideas in their response. For
example, the goal of science is to explain how things work and to test those expla-
nations. Other students articulate a more sophisticated idea about how the pro-
cesses of testing and development occur. More sophisticated ideas include the
following.

Testing ideas: Need for “fit.” These students talk of assessing the “fit” be-
tween one’s initially held ideas and a pattern of evidence. In so doing, they show a
more complex understanding of the testing process (i.e., itinvolves putting together
multiple pieces of evidence, not just finding out if an initial idea is right or wrong
based on a one-shot experiment).

Developing ideas: Revision or dissatisfaction. These students give a
more elaborated discussion of the process of developing ideas than those who are
scored at Level 2. For example, they might talk of development as involving the re-
vision of an idea or as involving a process of sensing dissatisfaction with an idea.
These comments show they are beginning to understand the development of ideas
as a complex, multistepped process, not just a simple process of adding to existing
ideas.

All of these ideas are considered Level 2.5 rather than Level 3 because students
do not discuss the development of increasingly more explanatory theories as the
main goal of science, a process that brings together and integrates the three Level 2
notions of development, testing, and explanation.
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Cluster 2: Types of Questions
Level 1

Again the core feature of Level 1 is that students do not clearly differentiate be-
tween scientists’ ideas and experiments. Hence, scientists ask the following types
of questions.

Procedural questions. These questions concern how to do something (e.g.,
how to cure something, make a machine, carry out an experiment).

Journalistic questions. These questions concern either concrete
observables (i.e., what happened, who did it, when, where) or people’s opinion
about what happened.

Level 1.5

At this transitional level, students mention questions that are beginning to be
more sophisticated in one of several ways, but still treat them fairly concretely.

Variable relation questions. These questions are classic science fair ques-
tions such as, “Does listening to music affect the time it takes to do your home-
work? Does one kind of gas give you better mileage?” Although these questions in-
volve comparing the performance of two groups, they still focus on easily
observable variables with no attention to the notion of an underlying mechanism.

Unelaborated how it works questions. These students mention that sci-
entists are concerned with finding or figuring out “how something works” but give
no further example of what they mean.

Questions about theoretical entities (treated factually). These students
ask potentially deeper scientific questions (e.g., questions about the shape of the
earth or the shape of atoms), but then go on to imply that these questions could be
answered in a simple fashion via direct observation.

Metacognitive questions about Level 1 issues. These students imagine
that scientists would pose metacognitive questions about their goals and knowl-
edge states (e.g., Why am | doing this experiment? What do | know and what don’t |
know?). They go beyond being simple Level 1 questions because they are reflective
in nature, but they still concern primarily Level 1 issues (e.g., what one is doing,
what one knows).
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Level 2

At Level 2, students are more aware of deeper scientific questions: questions
about how the world works; questions involving theoretical terms, not just
observables. They also ask more sophisticated reflective questions.

Explanation questions. These are basic questions about how something
works (accompanied by a clear example) or why something happens. Included in
this category are “why” questions in which students may be looking for either a te-
leological or a mechanistic explanation (e.g., Why did God create trees? What
causes disease?).

Questions about theoretical entities (treated more abstractly). These ques-
tions are about some unseen entity or abstract concept (e.g., questions about the shape of
the earth, the composition of the atom, the nature of gravity). Furthermore, students either
explicitly acknowledge that they are hard to answer, or, at least, do not foreclose this pos-
sibility in their responses.

Metacognitive questions about Level 2 issues. These metacognitive ques-
tions probe the reasons for one’s ideas and for the quality of one’sideas (e.g., Why do |
think that? or Is my idea intelligible or plausible?).

Level 2.5

At Level 2.5, students show greater awareness that the type of questions scien-
tists ask are complex and not simple to answer by interrelating two or more Level 2
ideas. For example, they say that scientists ask questions about how things work or
why things happen, and then go on to give a specific example that makes reference
to an unseen theoretical entity. In so doing, they show an appreciation that expla-
nations in science appeal to deeper theoretical terms. Or, they combine mention of
either an explanatory or a theoretical question with a sophisticated metacognitive
question about the intelligibility or plausibility of their ideas. In this way, they
show an understanding that the ideas being investigated are complex and take
work to understand.

These answers fall short of Level 3 understanding in that they do not discuss
how multiple levels of questions in science interact and support each other. For ex-
ample, scientists may ask a general theoretical question, butthey need to give more
specific operational definitions (and answer questions about the relations among
measurable variables) as part of answering that broader question.
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Cluster 3: Nature and Purpose of Experiments
Level 1

At Level 1, students think of experiments in practical terms—as producing a
desirable outcome or a new fact. This notion reflects an underlying conflation of
ideas and either experiments or experimental results.

Try out or find cures. The motive for science experiments is essentially
practical: to try something to see if it works or to find cures.

Find answers.  The motive for science experiments is to find answers, solve
problems, or to learn something new.

Level 1.5

Atthis transitional stage, students mention that experiments are done to find out
how something happens, but they do not elaborate on what they mean by how
something happens.

Level 2

At Level 2, students think of experiments as tests of ideas or as more generally
contributing to search for explanations or the development of ideas. Examples in-
clude the following.

Find explanations. The motive for science experiments is to find an idea
that explains how something works (with elaboration) or what causes something to
happen. Note that students talk about “finding” rather than “testing” explanations.

Test ideas. The motive for doing experiments is to test initially held ideas.
Note that the nature of the idea being tested is generally left ambiguous, but there is
evidence that the student thinks the scientist had the idea prior to doing the experi-
ment.

Develop ideas. An experimentis a method of developing initially held ideas,
or of making an idea better, clearer, or more understandable to self and others.

Level 2.5

At Level 2.5, students interrelate two or more Level 2 ideas, and thus show a
more sophisticated understanding of the purpose of experiments. For example,
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they talk of experiments not only as a means of testing ideas but also as part of a
larger process of developing or improving ideas. They could also describe experi-
ments as a way of testing causal ideas.

These responses fall short of Level 3 understandings in that students do not dis-
cuss why experiments enable causal ideas to be tested (i.e., because experiments
are designed to generate data that empirically distinguish alternative causal hy-
potheses and involve the controlled manipulation and comparison of variables),
nor do they discuss hypothesis testing as a means of providing indirect evidence
for or against a larger theory.

Cluster 4: Nature of Change Processes
Level 1

At Level 1, students conflate ideas and experiments or talk of keeping or aban-
doning an idea based on a simple observation or a single experiment. The ideas
they discuss are, by implication, simple ideas because they mention no process of
development or elaboration.

Level 1.5

At Level 1.5, students are beginning to be aware that thought or effort go into
changing ideas. For example, students mention that scientists might change an
idea after thinking about what went wrong or why they did not get the desired re-
sult, or after thinking about what might be a better idea. They might also mention
that scientists need to repeat the experiment (to make sure they are really wrong)
before changing their ideas, or they might mention that scientists would be reluc-
tant to change their whole idea after a single experiment.

Level 2

AtLevel 2, students are aware that the change process either (a) involves the de-
velopment of ideas (not just the abandonment of ideas) or (b) involves finding
better explanations, using complex evidence, or being constrained by one’s prior
ideas.

Development of ideas. These students talk of change as involving the de-
velopment ofideas, rather than the keeping or abandoning of a (static) idea based on
the results of an experiment. They generally think of ideas as having parts. Devel-
opment involves either (a) simply adding to (or elaborating) ideas over time, or (b)
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keeping some parts and changing others. In either case, the process of change in-
volves some sustained effort over time.

Complex evidence. Students who are scored as understanding that change
involves complex evidence discuss the need for multiple experiments even in the
face of positive results (i.e., the need to “go at” the same idea in several ways to con-
firm or disconfirm it, or the need to have a fit between the idea and a pattern of re-
sults).

Better explanation.  Students show an awareness that change involves find-
ing a better explanation in one of two ways: (a) by making a metastatement that one
changes anideawhen one finds a better explanation (without an explicit example of
what they mean by a change in explanation), or (b) by giving an example that in-
volves changing some deep idea or explanation (without explicity commenting
that it is an example of changing an explanation).

Constrained by prior ideas. Students can give evidence that they think the
process of changing anidea is constrained by prior ideas in two ways: (a) by talking
about the “need for new ideas to make sense,” or (b) by making a metastatement
that it is hard to abandon a belief if it is something that one strongly believes in.

Level 2.5

At Level 2.5, students show a more sophisticated understanding of the com-
plexity of change in that they realize that change is constrained both by patterns of
evidence and by one’s ideas or general search for a “best explanation.” That is,
they combine complex evidence themes with better explanation or constrained by
ideas themes. Alternatively, they articulate one of the following more sophisti-
cated ideas about how change involves finding a “better explanation” or is “con-
strained by prior ideas.”

Better explanation: Gives an example and a metastatement. These stu-
dents combine metaconceptual talk of finding a better explanation with a clear example
of deep theory change.

Constrained by prior ideas: (a) Need for fit and coherence among ideas
or (b) prior ideas affect interpretations. In (a), students go beyond simply
mentioning that new ideas need to “make sense” by explicitly talking about how
ideas need to fittogether and be coherent and consistent with each other. In (b), stu-
dents go beyond asserting that strongly held beliefs can be difficult to change by ex-
plaining the reason for the difficulty: These beliefs affect the very process of ob-
serving and interpreting results.
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These Level 2.5 responses fall short of Level 3 responses because students do
not discuss how theories are frameworks that constrain the hypothesis generation
process nor do they distinguish between the change processes of normal science
(in which new hypotheses are developed that elaborate a given theoretical frame-
work) and the change processes of revolutionary science (in which the general the-
oretical framework is challenged).

APPENDIX C
CODING GUIDE FOR IDEAS ABOUT
SOCIAL INTERACTION

Level 1

At Level 1, some students see scientists as engaging in concrete activities together
(e.g., they work together, improve each other’s technology, help each other choose
materials and procedures, run experiments together). Other students view knowl-
edge as certain (as opposed to conjectural) so they depict scientists as exchanging
factual information with each other (e.g., they share facts, knowledge, answers, or
results, and ask each other informational questions).

Level 1.5

At Level 1.5 there is a notion that a range of divergent viewpoints exist, but ideas
are not considered conjectural. Ideas are equally valid beliefs differentiated only on
the level of factual information. Students see scientists as exchanging and compar-
ing ideas to enlarge the scope of ideas they consider, but not to evaluate, develop, or
make sense of ideas. For example, scientists share thoughts, do experiments to an-
swer each other’s questions, compare ideas about results, and disagree about what
is right without any goal of or process for achieving agreement.

Level 2

At Level 2, students view scientists as engaging in processes such as explaining
phenomena, or evaluating, understanding, clarifying, and developing ideas, pro-
cesses that imply a grasp of ideas as conjectural. For example, scientists develop
ideas together by using parts of different people’s ideas to build a new idea. They
exchange explanatory ideas about how things work. They strive to understand each
other’sidea® (or, in more specific cases, they judge the status of each other’'sideas

1Note that the termeach otheis used in this coding guide to refer both to explicit comments on how
social interaction enhances both parties’ ideas and to comments on how social interaction enhances the
ideas of one of the parties.
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as intelligible, plausible, useful, etc.) or they use each other’s ideas to clarify an
idea. They test each other’s ideas with Experiments in an effort to prove them right
to each other. Finally, they test each other’s ideas using a social process; thatis, they
assess the viability of an idea by measuring the level of agreement among a group of
colleagues who are engaged in a common investigation (note that this is a distinct
alternative to carrying out evaluation with respect to evidence).

Level 2.5

Students at Level 2.5 show a deepening understanding thatideas are conjectural, in-
terpretive, and uncertain in nature by depicting scientists putting substantial time,
care, and effort into the challenges of persuading others, integrating diverse ideas,
or making decisions about the viability of ideas and admissibility of evidence.

A Level 2.5 composite response interrelates two Level 2 ideas in a social con-
text (e.g., scientists develop ideas using each other’s plausible ideas, or they de-
velop an explanatory idea by putting together ideas from several scientists). The
following are more complex Level 2.5 ideas.

Using evidence to establish the viability of an idea to others depicts scientists as
using evidence to convince others that an idea is either wrong or plausible, or to
support an idea so well that it is resistant to being proven wrong by others.

Operating with social principles depicts scientists as upholding the responsibil-
ity they have to each other and to the scientific community to admit only ideas for
which one has evidence into the social arena for review.

Building consensus about ideas focuses on the critical role of cooperation in
consensus building; it emphasizes the need for colleagues to work together as a
group to formulate, confirm, and disconfirm ideas, or to evaluate and develop an
idea in terms of fit with each other’s well-confirmed ideas.

Influencing each other’s interpretations emphasizes the role scientists take in
helping each other to minimize personal bias (e.g., if a prior idea affects how one
scientist sees a phenomenon, it may take another scientist to convince him that his
interpretation is mistaken).

These responses fall short of the Level 3 understanding that ideas are embedded
in theoretical frameworks and that this embeddedness makes it difficult to achieve
consensus about what is the most viable explanation.
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