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One unpogtan £0a is: td help stidents understand the
natire o Yiew data from several sources,
mdlcatmg that mlddle school and hlgh school students have a common sense
epistemology df iscience ‘at variance with the édnstructivist. epistemology we
advocate as the-appropriate ¢urricular goal. IWe sketch the: student episte-
mology and dlscuss twa' atteinpts to induce changes in it through science
edudation.

One important curricular goal of science education is to help students
understand the nature of the scientific enterprise itself. This goal is
important for several reasons. First of all, students can master only a small
fraction of scientific knowledge in the course of their schooling, but as
citizens they must adopt positions on public issues that turn on controver-
sial points. Hence, the successful science curriculum will have fed an
interest in science that underlies lifelong learning, a valuing of the kind of
knowledge that is acquired through a process of careful experimentation
and argument, as well as a critical attitude toward the pronouncements of
experts. Involving students in the process of doing science and talking with
them explicitly about its nature are thought to be central to cultivating these
interests, values, and attitudes.

In addition, another quite different reason for teaching students about
the nature of science has recently come to the fore. Because students come
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to science class with theories and concepts that are different from the
scientists’, the successful science curriculum will have involved students in
making difficult conceptual changes. An open question is the relation .
between student understanding of the nature of scientific knowledge and
student success in learning from curricula designed to foster conceptual
change. Making students aware of the process of conceptual change may
help them succeed at it.

Exactly what view of the nature of science do we wish to give to students?
It is common practice for current textbooks to portray scientists as engaged
in a process that depends on careful observation and experiment and to
teach students some of the skills involved in careful experimentation.
However, overlooked in these accounts is any discussion of the role of the
scientists’ theories in this process. Instead, mention is only made of
scientists’ specific hypotheses or beliefs about the world. In some accounts,
these hypotheses are seen to be a simple consequence of unbiased observa-
tion and experiment, whereas in others it is acknowledged that scientists
may have hypotheses that motivate their doing a particular experiment.
However, in both cases, these hypotheses -are thought to be tested in
unproblematlc and stralghtforward ways by the data of critical experi-
ments, and smenuflc knowledge is portrayed as the steady accumulation of
a set.of confumed hypotheses. As Hodson (1985, 1988), Nadean and
Desautels (1984), and Strike and. Posner (1985) claimed, such a view is
essentially an inductivist or empiricist view: The origin of scientific knowl-
edge lies solely in data about the world.

We argue (along with the just-mentioned authors) that it is important to
present students with a more constructivist epistemology of science: one in
which students develop an understanding that scientists hold theories that
can-underlie the generation and interpretation of specific hypotheses and
experiments. We want them to come to understand that our knowledge of
regularity in nature is a consequence of successful conjecture, rather than its
precursor, and that an adequate theoretical perspective is essential to both
observation and experimentation. Thus, without challenging students’ faith
that theories may ultimately reflect reality, we may be able to help them see
thattheories; are large-scale intellectual constructions that constitute the
scientists’ understandmg and guide the day-to-day activities of scientists.
Such an understandmg would help students understand why scientists do
experiments, why there can be legitimate controversies in science, and even
why learning science is difficult.

In this article, we first review the evidence that seventh-grade students
conmie ‘to science class with-.an epistemology that is at odds with the
constructivist epistemology we wish to teach. We then go on to consider
how that eplstemology is changed as a consequence | of an explicit attempt to
teach them about the constructive nature of science.
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STUDENT EPISTEMOLOGY

Hodson (1985, 1988) and Nadeau and Desautels (1984) assumed that the
existing science curricula reinforce students’ own common sense views
about the nature of scientific knowledge: one that sees knowledge acquisi-
tion driven solely by the data at hand. But what is the evidence for this
assumption? Surprisingly, most of the evidence regarding this point is
indirect. In this section, we review the evidence from three quite separate
literatures that potentially can bear on this issue.

Common Sense Epistemology

The first literature concerns common sense epistemology in general, not
particularly an epistemology of science. Several authors have used clinical
interviews to probe adolescent and adult views of the nature of knowledge
and its source and justification (e.g., Broughton, 1978; Chandler, 1987;
Kitchener & King, 1981; Kuhn; Amsel, & O’Loughlin, 1988; Perry, 1970).
Emerging ‘from these clinical interview studies is some consensus on the
stages ordinary. people go through in developing their epistemological
views, although the exact number of stages and the timing of transitions has
been subject to some dispute. In reviewing this literature, we focus on two
related developments that we regard as important: a conception of a theory
or interpretative framework and an appreciation that theoretical knowledge
is acquired through indirect arguments from evidence.

Relating to'the first theme, some have claimed that young children begin
with a’ common sense epistemology in which they see knowledge arising
unproblematically (and directly). from sensory. experiences and see knowl-
edge as simply the collection of many true beliefs (¢.g., Chandler, 1987;
Kitchener & King, 1981; Kuhn et al., 1988). Atthis point, there is no notion
that beliefs themselves are organized in intuitive theories or interpretative
frameworks or that one’s intuitive theory can influence one’s beliefs and
observations.

A study by Kuhn et al. (1988) provides support for this claim. They
presented subjects with two accounts-of a fictitious war called the Fifth
Livian ‘War, told by a historian from each of the different sides. In each
account, the two historians, among other things, each claimed victory for
their side. Subjects were then'asked to describe in their own words what
happened in the Fifth Livian.War, whether the two historians’ accounts
were different in any important ways, and whether both accounts could be
right.

Responses were coded into six stages: All sixth graders and over three
quarters of the ninth.graders were at the lowest three stages. A key feature
of the lowest stages is that students show no awareness of “theoretical
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interpretation as having played a role in the construction of the accounts
and as a vehicle for reconciling them” (Kuhn et al., 1988, p. 213). Instead
they deal primarily on the level of objective fact, at most seeing the accounts
as differing in the facts chosen for presentation. This may be due to the
historians being in different places at different times or having had different
motives or purposes (i.e., they may have lied or exaggerated to make their
side look :good). However, students at this point still assume there is a
simple' truth to the situation which can be known to a careful impartial
observer.

In contrast, older adolescents, college, and graduate students tended to
be at the highest three stages. At these stages, students:are increasingly
aware that the two historians have different points of viéw and that
determining the reality of the situation is not so simple as determining who
lied and who told the truth. Some believe there may in fact be multiple
individual realities, whereas others acknowledge an elusive objective reality
that can only be known approximately.

At the same time children are moving from a ¢common sense epistemology
that sees knowledge arising unproblematically from observations to one
thatsees a'role for interpretative frameworks in knowledge acqu1s1tion they
are also developing more complex conceptions of how beliefs: are justified.
This point is nicely illustrated in Kitchéner-and King's (1981) stud;es Like
Kuhn et al. (1988), Kitchener and King presented students with dilemmas
about ‘differences of opinion; one difference: was that they ‘then probed
students about how they would decide what to believe. They found that the
younger adolescents justified beliefs primarily in' terms. of | perceptual
experiences or what they were told by authorities. Sometime in late
adolescence (especially for ‘students who go tm“ llé@ge), stu@ants become

mologlcal crisis, a penod in whmh students are radwal relamvi &
there is no true knowledge and everybody is frée to believe vwhatever they
want. Fmally, in the college years, some pebple reach a m ist

tion of behef Beliefs need to. be Justxfwd in terms of argu @nts from
: d‘:than‘; uthers

(198 1) earhest stage, there is no awareness that one’s own bchefs cambe falsa
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or different from an expert’s. Both of these stages are thought to charac-
terize a number of young adolescent children. Yet, there is now very good
evidence (using a different methodology that calls for less formal and
verbalized understandings) that even 3-year-olds can make distinctions
between their beliefs about reality and reality itself and understand that
people can have false beliefs (see, e.g., the work of Wellman, 1990).

Another example of an oversimplification in Kitchener and King’s (1981)
account of early adolescent epistemology concerns their claims that students
view perceptual experience and expert testimony as the sole sources of belief
and that students do not realize that the same facts can be given different
interpretations or that there can be legitimate differences in opinion. Again,
however, there is now good evidence that even 6-year-olds understand that
inference is a genuine source of knowledge (Sodian & Wimmer, 1987). In
addition, Taylor, Cartwright, and Bowden (1991) showed that by age 6,
children are beginning to understand that the same visible stimulus might be
interpreted differently by different people, depending on their background
knowledge. (Although presumably only one interpretation is right; the
other interpretations are wrong due either to misinformation or ignorance.)
Finally, Flavell, Flavell, Green, and Moses (1990) demonstrated that even
3-year-olds are aware that people can have differences of opinion especially
about questions of value,

An- adequate - characterization of young students’ epistemology must
integrate findings from these diverse methodologies. Appendix A sketches
our preliminary attempt to give a richer account of students’ early episte-
mology and to contrast it with a later epistemology which makes clear use
of a notion of theory. Both are constructivist epistemologies in the sense
that they acknowledge that one’s present beliefs can affect one’s observa-
tions and subsequent knowledge. And both are realist in the sense that both
assume the existence of an objective reality. However, in the first (dubbed
knowledge. unproblematic), it is assumed knowledge of reality can be
obtained with enough diligent observation, whereas in the second (dubbed
knowledge problematic), reality can be known only through successive
approximations via a progess of critical inquiry. We offer these, tentatively,
as the beginning point and one relatively sophisticated possible endpoint for
school-aged children’s epistemologies. Clearly, there are many intermediate
steps between these two points.

Process Skills

The second literature that bears indirectly on students’ epistemology of
science concerns attempts to construct scientific arguments. These are
studies of the so-called science process skills (e.g., Dunbar & Klahr, 1989;
Inhelder & Piaget, 1958; Kuhn et al., 1988). Many studies show that




240 CAREY AND SMITH

preadolescents and young adolescents do not appreciate the logic of
argumentation from experimental results. Dramatic deficiencies in de-
signing experiments and/or drawing conclusions from experimental evi-
dence are amply documented in Inhelder and Piaget’s (1958) classic work
exploring the development of scientific reasoning and in more recent work
by Kuhn et al. (1988) and Dunbar and Klahr (1989).

There may be at least two distinct deficiencies underlying children’s
problems-on such tasks. On the -one hand, students may genuinely lack
knowledge of aspects of the logic of hypothesis testing. For example,
Kahneman; - Slovic, & Tversky (1982) documented: errors -in statistical
reasoning that dre made even by quite sophisticated adults. ‘On the other
hand, studerits’ difficulties:may in part reflect their commitment to a naive
epistemology that makes no clear distinction between theory, specific
hypothesis, and evidence. Such an epistemology ' leads them to expect a
more diréct’ relation between hypothesis and experiment than' exists, to
overlook the role of auxiliary assumptions in' testing hypotheses, and to
reach more certain conclusiofis from their data than the data in fact allow.
In this' way, some of the literature on deficiencies in process skills may
indirectly support the existence of the knowledge unproblematic: episte-
mology of young children. -

Kuhn et al. (1988) reported a series of studies in which they looked at
students’ abﬂltles to-modify their initial theories (e.g., about the causes of
colds) i in llght of experimental evidence that was presented tothem: Subjects
of all ages; even adults, found their tasks difficult, That is, even lay adults
were ‘poor at dramng“proper conclusions - from ‘patterns of  statistical
evidence, However, Kuhn et al. also argued that the way young children
responded indicated that they did not have a clear notion of theory which
they distinguished from evidence. In particular, they nioted that fewer than
one third!of the sixth’ graders spontaneously referred ‘to. evidence when
ing whether the smentlst’s data showed that a given variable makes a
difference to some outcome. What subjects did inst ad of referring to the
evidence was to restate their theory or elaborate it with a meahamsm When
the evidence was at ‘odds with their theory, only graduate. :
likely to: dlstmgumsh what they thought from whit. e scien xsts’ evmdence
showed. Instead subjects ‘changed their. hypothﬁse d only later men-
tioned evidence. When their theory was compatible ¢ evidence, Kuhn
et al. (1988) described the s’lleECtS as regarding the ewdence as “equivalent
to instances of the theory that serve to illustrate it, while the the:cury inturn
serves to explain the evidence. . . . The two meld 1nm a smgle repmﬂema'
tion of ‘the way things are’” (p. 221)

- We: belwve Kuhn et al.’s (1988) findings are consistent’ with' young
adolescents’ knowledge unproblematic epistemology: one in which they do

i
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not yet distinguish between theory and belief and one in which they do not
yet see the importance of indirect, multistepped arguments in specific
hypothesis testing. At the same time, note that the kinds of findings just
presented, although consistent with this hypothesis, do not provide strong
evidence for it, for two reasons, First, it is hard to disentangle how much of
their difficulty is with the specific statistical inferences they are asked to
draw and how much is because of their holding the more limited episte-
mology which makes it hard for them to appreciate what it means to fest a
hypothesis. Second, note that the studies do not assess a concept of “theory”
in the sense of an interpretative framework; the theories tapped by these
studies are simply beliefs about causal relations among single variables.

Epistemology of Science

A third literature derives from more direct study of students’ verbalizable
epistemology of science. Two of the most ambitious standardized tests (Test
of Understanding Science, Klopfer & Carrier, 1970; the Nature of Scientific
Knowledge Scale, Rubba & Anderson, 1978) probe for an understanding of
science as-a set of theories built up through a process of critical inquiry.
Results reveal that young adolescents have much to learn about science in
this regard but make steady progress toward such understanding through-
out secondary school and collége, especially as a result of specific instruc-
tion:(Rubba & Anderson, 1978). However, these standardized tests were not
designed to probe for the existence of an' alternative epistemology in
students. To remedy this limitation, two clinical interviews of seventh-grade
students’ epistemology of science were conducted.

" In-the first study, students were asked about the nature and purpose of
science, the role of experiments in a scientist’s work, and the relations
among ideas, experiments, and results/data (see Carey, Evans, Honda, Jay,
& Unger, 1989, for further details). Interview questions were divided into
six sections, and students’ responses on each section were coded into
categories that reflected three general levels of understanding. Appendix B
summarizes the three gerleral levels that were coded in this study, ranging
from Level 1, in which the goal of science is seen simply in terms of
gathering specific facts about the world, to Level 3, in which the goal of
science is seen in terms of a process of genérating ever deeper explanations
of the natural world.

Twenty-seven of the seventh-grade students were interviewed ptior to
their curriculum unit on the nature of science, and the overall mean level
was 1.0. Only 4 students had an overall mean score over 1.5, Perhaps the
most critical feature of Level 1 is the absence of an appreciation that ideas
are distinct, constructed, and manipulable entities that motivate the scien-
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tist’s more tangible experimental work. In Level 1 understanding, nature is
there for the knowing. Accordingly, scientists “discover” facts and answers
that exist, almost as objects “out there.” Scientists’ ideas themselves,
however, are never the object of scrutiny.

In the second interview study (Grosslight, Unger, Jay, & Smith, 1991),
researchers probed students’ conceptions of science in quite a different
manner, but the results were quite similar. Students were asked questions
such as, “What comes to mind when you hear the word model, What are
models for?, What do you have to think about when making. a model?,
How do scientists use models?,” and “Would a scientist ever change a
model?” In addition, a number of physical items such as a toy airplane, a
subway map, and a picture of a house were presented, and the students were
asked to explain whether these could be called models. As in the nature of
science interview, three general levels in thinking about models were
identified. These differ in how students talk about the relation of models to
reality and the role of ideas in models. Appendix C gives a characterization
of the dominant ideas at each level, ranging from a Level.1 understanding,
in which models are seen s little copies of reality, to a Level 3 understand-
ing, in which models are seen as tools used in the construction and testing
of scientists’ theories about the world.

In this study (Grosslight et al.; 1991), both seventh and eleventh graders
were interviewed. Levels were assigned based on: six saparately s¢ored
dimensions (the role of ideas, the use of symbols, the role of model makers,
commumcatmn, testing, and multiplicity. of madels) Each student was
given six scores, corresponding to each dimension.. A student scoring at the
same level across five or six dimensions was assigned that level; all students
with mxxed levels straddled tWQ adjacent levels,and were assigned mixed

slight et oqnd that the
majomty (67%) of seventh graders were at Level 1. Only 12% of the seventh
graders were-at Level 2, and 18% had Level 1/2 ‘scmres Turmng to the
eleventhigraders, Grosslight et al. found that only 2, % ‘ ere pum Level I’s.
The rest were spllt evenl «l:tatween quel 1/2 (36%

ga dence. 01
Level 3 ep1stemology, some vahdatlon of 1ts exxstance came from mterviews
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of a group of expert scientists using the nature of models interview. All the
scientists clearly showed Level 3 understanding.

Certainly further work is needed to clarify the nature of these levels and
to determine how consistent student epistemology is, both within and across
domains. For example, it is possible that students may be more advanced in
their common sense epistemology than in their epistemology of science. Yet
the results from the three different literatures are all consistent with the
claim that seventh-grade students have an alternative epistemology that they
bring to science class that is at odds with the constructivist epistemology
that we wish to teach.

Levels and Development

Suppose that we have correctly characterized the junior high school
students’ common sense epistemology of science. Two questions of urgent
importance to educators now arise. First, in what sense are these levels
developmental? Is there something else we know about 12-year-olds that
would help us understand these levels? Second (and distinctly), do these
levels provide barriers to grasping a constructivist epistemology if such is
made the target of science curricula?

We do not believe these levels reflect stages in Piaget’s sense (see Carey,
19852, for areview of these issues). That is, they are unlikely to reflect some
other, more abstract, cognitive failing of the child. The approach we favor
is to characterize knowledge acquisition and knowledge reorganization
within cognitive domains. So, for example, we have characterized changes
in the child’s intuitive bidlogy (Carey, 1985b) and in the child’s intuitive
theory of matter (Carey, 1991; Smith, Carey, & Wiser, 1985). We see
epistemology as part of one such domain—an intuitive theory of mind—
that ‘has a :specific: developmental history (e.g., Wellman, 1990). Under-
standing why junior high school students have these particular epistemo-
logical views consists ‘of understanding their construction of a theory of
mind, a process that begins in infancy.

That the levels probably do not reflect stages in Piaget’s sense does not
mean -that they do not:provide important constraints on student under-
standing. Domain-specific knowledge acquisition often involves large-scale
reorganization and genuine conceptual change (Carey, 1985b, 1991). Jt is an
open question whether a transition from Level 2 to Level 3 epistemology
requires: such a reorganization. The levels.are not yet well enough charac-
terized to even hazard a guess. One source of evidence relevant to the issue
is the success of curricula designed to foster this transition. Insofar as the
curricular ideas are sound, the students’ failure to grasp Level 3 ideas would
suggest that Level 1 and Level 2 epistemologies provide constraints on
understanding Level 3 points.
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EFFECTS OF CURRICULAR INTERVENTION ON
STUDENT EPISTEMOLOGY

At the junior high school level, curricular interventions concerning
metaconceptual lessons about science have focused primarily on process
skills. Although such skills are an important component of scientific
inquiry, their mastery constitutes only a small part of the goals for student
understanding of scientific knowledge just outlined. In this section, we first
contrast - two -approaches to teaching seventh-grade students- about the
nature of science: a traditional approach with its emphasis on teaching
process skills out of context and our approach with its emphasis on teaching
these skills in the context of genuine scientific inquiry. We argue that only
the latter approach has a chance at challenging the entrenched knowledge
unproblematic epistemology - that- students bring with them to science
classes. Then wediscuss briefly the results of using this moreinnovative unit
with seventh graders and raise :a series: of . questions: that need to be
addressed in subsequent research.

The Standard Curricular Approach to
Teaching About Inquiry

Much of current educational practice grows out of curriculum reform
efforts that have emphasized the teaching of the process skills involved in
the-construction of scientific knowledge with such diverse skills as obser-
vation, classification, measurement, conducting controlled experiments,
and constructing data tables and graphs of experimental results. These skills
are typically covered in the junior high school science curriculum, beginning
with the introduction of the scientific. method in the seventh grade. The
standard ‘curricular unit on the scientific method, for example, contains
many exercises to teach-students about the design of controlled experi-
ments, such as identifying independent and dependent variables in experi-
ments and identifying poorly designed experiments in which variables have
been confounded. Although in the best of these curricula, students go on to
design and conduct controlled experiments, typically, the possible hypoth-
eses -and varjables for a given problem are prescribed by the curriculum.
Indecd; because students are testing:disembodied hypotheses, this curric-
ulum would be expected to move students toward Level 2 understanding on
the nature of science interview (i.e., toward an understanding of the role of
expetimenta,tion in testing hypotheses) but not toward Level 3 under-
standing with its notions of theory and indirect argument.

Certainly, process skills are important elements of ‘a careful scientific
methodplogy. Junior high school students do not spontaneously measure
and cortrol variables or systematically record data when they first attempt




ON UNDERSTANDING THE NATURE OF SCIENTIFIC KNOWLEDGE 245

experimental work. Yet the standard curriculum fails to address the
motivation or justification for using these skills in constructing scientific
knowledge. Students are not challenged to utilize these process skills in
exploring, developing, and evaluating their own ideas about natural phe-
nomena. -Rather, instruction in the skills and methods of science is
conceived outside the context of genuine inquiry. Thus, there is no context
for addressing the nature and purpose of scientific inquiry or the nature of
scientific knowledge.

A Theory-Building Approach to
Teaching About Inquiry

We assurne, but at present have no evidence for our assumption, that
process skills will be more easily and better learned if they are embedded in
a ‘wider -context -of metaconceptual points about the nature of scientific
knowledge. Such metaconceptual knowledge is important in its own right,
and it can be gained only by actively constructing scientific understanding
and reflecting on this process. These assumptions motivate a curricular
approach that emphasizes theory building and reflection on the theory-
building process. Carey et al. (1989), therefore, developed and tested an
instructional unit to replace the typical junior high school unit on the
scientific method.

This instructional unit begins with the question of what makes bread rise
and ends with designing a research program aimed at discovering why
combining veast, sugar, and water produces a gas, and, ultimately, the
nature of yeast. The metaconceptual points in this curriculum concerned
how scientists-decide what experiments are worth doing, how the answer to
each question we ask raises still deeper questions, how one’s theories of
chemistry and biology constrain the experiments one does and the interpre-
tations of results, -and how unexpected results require changes in those
theories.

As a result of the yeast unit, seventh-grade students’ overall mean score
on the nature of science clinical interview increased from 1.0 on the
preinstruction interview to 1.55 on the postinstruction interview (p < .001,
Wilcoxon Signed Ranks Test). Every student improved, and improvement
averaged one half a level. Now 16 of the 27 students achieved overall scores
of 1.5 or better (as opposed to 4 students on the preinterview), and 5 scored
Level 2 or better—a score nobody achieved on the preinterview. Although
these results ‘are certainly in the right direction, movement was toward
consolidating I.evel 2 responses; there was little evidence that students
appreciated the Level 3 metaconceptual lessons included in the curriculum
that called for a notion of theory and indirect argument.

The: results of curricular  interventions aimed at changing students’
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conceptions of models are even more discouraging. At Harvard’s Educa-
tional Technology Center, Smith and Wiser have developed curricula using
computer-implemented interactive models to foster conceptual change in
two domains: the theory of matter, especially weight/ density differentiation
(Smith, Snir, & Grosslight, 1992); and thermal theory, especially heat/
temperature differentiation (Wiser, Kipman, & Halkiadakis, 1988).  Al-
though conceptual change in the respective domains of physics ‘was the
purpose of these model-based curricula, discussion of various metacon-
ceptual points about the nature and use of models in science was included
in each of the curricular units: in particular, the ideas that models can be
used to develop and test ideas, that multiple models are possible, and that
models are evaluated in terms of their usefulness or how well they serve a
given purpose. There was no noticeable effect of this discussion on the
postinstruction clinical interviews about models. The seventh grades scored
the same on the postinstruction interviews. as on the preinstruction inter-
views. And although the eleventh graders improved significantly to a solid
Level 2 understanding, the improvement was just as great in a control group
that did not have the modeling curriculum. Apparently, simply having
thought about the issues as a.result of the preinterview was sufficient tolead
eleventh graders to better articulate their views on the postinterview.

CONCLUSIONS AND FURTHER QUESTIONS

It may be that it would be impossible for junior high school students to
attain Level 3 understanding of the nature of scientific knowledge. Such
understanding may have to await developments in more general epistemo-
logical beliefs and may require confronting head-on: the relativism that
characterizes the  transition between the first. and ~second - senses of
constructivism in the normal, untutored course of development. However,
we do not take our failures to date as warranting this conclusion. We feel
it is-possible that scientific knowledge could well be an arena‘in which young
adolescents could acquire some aspects of a constructivist epistemology in
the knowledge problematic sense, in an optimal curricular environment.
The curricular interventions we tried so far are far from optimal. They were
both designed before we had fully appreciated the differences between
students’ starting epistemology and 'the epistemology we wished to teach,
and the modeling curriculum had much less metaconceptual content than it
would be possible to include. We take it to be very. much:an open question
whether junior: high ‘school students .can  grasp ‘the more spphisticated
constructivism depicted in Appendix A.’ ‘

Another extremely important. issue for exploration is the relation between
students” epistemiological beliefs and conceptual change in science content,
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Although many have speculated that students’ epistemological beliefs
interfere with successful learning of science and mathematics, there is little
empirical evidence on this point. We know of no studies, for example, that
show that changes in students’ epistemological views affect their success in
learning content. Of course, such studies will not be possible until the
research program just outlined is brought to further fruition. That is, we
will need accurate and detailed descriptions of student epistemology, as well
as curricula that advance their epistemological views, before such studies
will be possible.
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APPENDIX A
Two Contrasting Constructivist Epistemologies

Knowledge unproblematic

Knowledge consists of a collection of true beliefs. The sources of beliefs are
perception, testimony, and one-step inference. Individuals may draw
different conclusions from the same perceptual experience due to differ-
ences in prior knowledge or motives; individuals may have different
opinions in matters of value and personal taste. Individuals with this
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epistemology believe there is only one objective reality that is knowable in
a straightforward way by making observations. Hence, when individuals
disagree about reality, it is possible for only one of them to be correct.
Ultimately, ignorance, misinformation, or deceit are the causes of having
false beliefs.

Knowledge problematic

Knowledge consists.of theories about the world that are useful in providing
a sense of understanding and/or predicting or explaining events. Individ-
uals actively develop their theories through a process of critical inquiry.
Conjectures derived from interpretative frameworks merit testing; the
results constitute evidence for or against the interpretative framework and
associated specific beliefs. Different people may draw different conclusions
from the same perceptual experiences because they hold different theories
that affect their interpretation of evidence. Reality exists, but our knowl-
edge of it is elusive and uncertain. Theories are judged to be more or less
useful, not strictly right or wrong. Canons of justification are framework
relative. In addition to false beliefs due to ignorance and misinformation,
beliefs can be in error for much deeper reasons: Theories can be on entirely
the wrong track, positing incorrect explanations of accurate beliefs and
positing entities and causal mechanisms that do not even exist.

APPENDIX B

Three Levels of Understanding in the Nature of
Science Interview

The students make no explicit distinction between ideas and activities for
generating ideas, especially experiments. A scientist tries “it” to see if it
works. The nature of “it” remains unspecified or ambiguous; “it” could be
an idea, a thing, an invention, or an experiment. The motivation for an
activity is the achievement of the activity itself, rather than the construction
of tested ideas. The goal of science is to discover facts and answers about
the world and to invent things.

Level 2

Students make an explicit distinction between ideas and experiments. The
motivation for experimentation is to test an idea to see if it is right. There
is an understanding that the results of an experiment may lead to the
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abandonment or revision of an idea. However, an idea is still a guess; it is
not a prediction derivable from a general theory. (Indeed, students may not
yet have the general idea of a theory.) There is yet no appreciation that the
revised idea must now encompass all the data, the new and the old, and that
if a prediction is falsified, the theory may have to be revised.

Level 3

As in Level 2, students make a clear distinction between ideas and
experiments, and they understand that the motivation for experiments is
verification or exploration. Added to this is an appreciation of the relation
between the results of an experiment (especially unexpected ones) and the
theory leading to the prediction. Level 3 understanding recognizes the
cyclic, cumulative nature of science, and identifies the goal of science as the
constriiction of ever deeper explanations of the natural world.

APPENDIX C

Three Levels of Understanding in the Nature of
Models Interview

Level 1

Models are thought of as either toys or as simple copies of reality. Models
are considered to be useful because they can provide copies of actual objects
or actions. If students acknowledge that aspects or parts of objects can be
left out of the model, they do not express a reason for doing so beyond the
fact that one might not want or need to include it.

Level 2

The student now realizes that there is a specific, explicit purpose that
mediates the way the model is constructed. Thus, the modeler’s ideas begin
to play a role, and the student is aware that the modeler makes conscious
choices about how to achieve the purpose. The model no longer needs to
match the real world object exactly. Real world objects or actions can be
changed or repackaged in some limited ways (e.g., through highlighting,
simplifying, showing specific aspects, adding clarifying symbols, or creating
different versions). However, the main focus is still on the model and the
reality modeled, not the ideas portrayed. Tests of the model are thought of
as tests of the workability of the model itself, not of the underlying ideas.
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Level 3

At Level 3 understanding is characterized by three important factors. First,
the model is now constructed in the service of the development and testing
of ideas, rather than as serving as a copy of reality itself. Second, the
modeler takes an active role in constructing the model, using symbols freely
and evaluating which of several designs could be used to serve the modeler’s
purpose. Third, models can be manipulated and subjected to test in the
service of informing ideas.




