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ABSTRACT: This study investigated the ways in which beliefs about the nature of the

science vary as a function of an individual’s chemistry expertise and chemistry research ex-

perience across the range from high-schools students, whose exposure to chemistry occurs

in the classroom, to practicing research chemists. Interviews conducted with a total of 91

participants probed three key research questions: Do the participants’ epistemic beliefs vary

as a function of chemistry expertise? Are there discipline-specific values and heuristics that

guide chemistry research? How does research experience influence participants’ epistemic

beliefs? We found that participants’ epistemic beliefs varied significantly with chemistry

expertise and with exposure to authentic research in chemistry. Differences in both the du-

ration and the nature of participation in research had a significant effect on how participants

conceptualized science and scientific research. We noted that only the practicing scientists

saw a productive role for empirical anomalies that arise in the course of doing research.

We found that research chemists thought about their scientific work in terms of a building

or “engineering” model of science, rather than the classic hypothetico-deductive model of
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science invoked by some science educators. We concluded that current characterizations of

the nature of science in science education may underrepresent important discipline-specific

aspects of science. These results are discussed in terms of implications for science education.
C© 2006 Wiley Periodicals, Inc. Sci Ed 90:468–495, 2006

INTRODUCTION

A major goal of science education at all levels is to educate students about the nature of
science (Abd-El-Khalick, Bell, & Lederman, 1998; American Association for the Advance-
ment of Science, 1993; Lederman, 1986; Lederman & O’Malley, 1990; National Research
Council, 1996). A challenge that we face in trying to meet this goal is the task of setting
a standard against which we can measure students’ answers to the question: “What is the
nature of science?” We also need a better answer to the question: “Where does our knowl-
edge about the nature of science come from?” As noted by Alters (1997), there is a broad
range of philosophical positions on the nature of science and science educators typically
underrepresent the range of epistemic positions in the philosophy and history of science.

Historically, the task of defining the nature of science was left to the branch of philosophy
that concerned itself with the “epistemology of science.” Some science educators, such
as Lawson (2000), have adopted a philosophical model referred to as the hypothetico-
deductive model (Popper, 1959, 1972). This philosophical model describes science as a
theory-building enterprise in which systematic observation suggests hypotheses, which
must be subjected to repeated experimental tests that carry the potential of invalidating or
falsifying them. Theories that withstand this onslaught of repeated testing become part of
the “content” of science; the scientific knowledge that is carried in our textbooks and taught
in our classrooms. This model underlies many tacit assumptions within traditional science
education curricula; especially the common conception of science as having two parts:
“content” (the concepts, theories, and laws of science) and “process” (the use of scientific
methods and reasoning).

The second half of the 20th century, however, saw the emergence of several strands of
scholarship that challenged the traditional account of science described above. These new,
“postpositivist” approaches vary in their details, but have some common features.

Many of the postpositivist scholars adopt a naturalistic position to questions about the
epistemology of science (Giere, 1988; Goldman, 1986; Goodman, 1983; Kitcher, 1992;
Quine, 1970). Proponents of this approach argue that questions about the nature of science
and scientific knowledge can and should be answered empirically on the basis of data that
reflect past and current practice of science. Scholars who favor a naturalistic approach often
draw upon the methods and data of historical research to make empirical arguments for their
epistemological theories (Kuhn, 1962, 2000; Laudan, 1984; Nersessian, 1984; Thagard,
1990). These naturalistic philosophers of science often adopt the case study method, ana-
lyzing “critical” episodes of scientific change (Conant, 1957; Kuhn, 1962; Thagard, 1990).
Such case studies typically employ the analyses of archival data including the laboratory
notebooks, correspondence, and publications of scientists. More recently, researchers have
undertaken cognitive analyses of the research practices of working scientists (Dunbar, 1995;
Sahdra & Thagard, 2003).

Naturalistic research has provided new insights into the role of interpretation in scientific
decision making and the limitations of a strictly logical account of scientific inference.
It has shown that scientific judgments are often based on pragmatic criteria such as the
plausibility or compatibility of new ideas with those that have already been judged to be
“well founded” (Laudan et al., 1986). It also suggests that epistemic norms and heuristics
within different areas of science are shaped by the current conventions of disciplinary
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practice; for example, methodological conventions for collecting, analyzing, and presenting
data. Kuhn (1977) refers to this framing role of established scientific practices in a discipline
as “the disciplinary matrix.”

The recent work in history, philosophy, and cognitive studies of science suggests that there
may be many kinds of science. While certain generic features of science such as attention
to empirical accuracy may cut across disciplines, different areas of science develop their
own contextualized epistemic norms and heuristics (Kuhn, 1977; Laudan, 1990; Longino,
1990; Thagard, 2003, 2004).

Postpositivist developments in the philosophy and history of science underlie current
reform efforts in science education; especially in calls for science education curricula to
attend to the nature and epistemology of science (Abd-El-Khalick & Lederman, 2000;
Duschl, 1988; Hodson, 1988; Smith et al., 2000). Most of these reform efforts still focus
on domain-general rather than contextual factors in epistemic knowledge and reasoning.

Recently, however, some researchers are beginning to emphasize the importance of a more
contextualized domain specific approach (Duschl, 2000; Leach, Hind, & Ryder, 2003). Our
current study explored contextual factors in students’ epistemic development in a specific
scientific subdiscipline, that of chemistry. Drawing from naturalistic approaches to the epis-
temology of science described above, we are interested studying “enacted epistemologies”
(Chinn & Samarapungavan, 2005). Enacted epistemologies can be thought of as functional
epistemic heuristics. Members of a scientific community use shared epistemic heuristics to
guide and evaluate their work and to establish bases for consensus. As noted above, recent
work in the history and philosophy of science suggests that enacted epistemologies vary
by disciplinary context within the sciences. Chemistry was chosen as the target domain,
because prior research indicates that research chemists may employ certain unique epis-
temic norms and heuristics to evaluate and guide their scientific work. These heuristics
appear to be embedded in a building or “engineering” model of science rather than a classic
“hypothetico-deductive” theory building model (Samarapungavan, 1992; Samarapungavan,
Westby, & Bodner, 1999).

The objective of the current study was to provide a description of how research chemists
and chemistry students conceptualized and evaluated their work. It examined whether
chemists (both practicing scientists and students) employed discipline-specific epistemic
heuristics. The study also examined the influence of research apprenticeship and laboratory
work on students’ epistemic development in chemistry.

In focusing on epistemologies of science, our work differs from prior research in education
which takes a more global, domain general, view of epistemic development (Hofer &
Pintrich, 1997; Perry, 1970; Schommer, 1990, 1993). These global approaches try to describe
people’s general “theories of knowledge” without distinguishing traditions of scientific
inquiry from other disciplinary traditions such as literary criticism.

Within science education, many researchers have investigated peoples’ epistemologies
of science (Carey & Smith, 1993; Hodson, 1985, 1988; Hogan, 2000; Leach et al., 2000;
Linn & Songer, 1993; Strike & Posner, 1985). However, this research has focused on beliefs
about the nature of science in general. Often the questions asked about the nature of science
are decontexualized and very abstract. For example, the Nature of Science Interview (Carey
et al., 1989; Carey & Smith, 1993) includes such questions as, “what do you think the goal
of science is?” and “what is a theory?” Some researchers have tried to anchor their questions
about the nature of science in concrete examples. One of the questions on the Views of Nature
of Science Questionnaire—Form C is—“Science textbooks often define a species as a group
of organisms that share similar characteristics and can interbreed with one another to produce
fertile offspring. How certain are scientists about their characterization of what a species is?
What evidence do you think scientists use to determine what a species is?” (Lederman et al.,
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2002). However, even when questions about the nature of science are anchored with such
concrete examples, sophisticated epistemic answers require considerable domain specific
knowledge.

Our study takes a somewhat different approach by anchoring epistemic questions in our
participants’ current work within a specific subdomain of science, chemistry. By doing so,
we hope to explore participants’ enacted epistemologies and how these vary with increased
research expertise. Previous research indicates that high-school students’ epistemologies of
science are both simple and decontexualized. Carey and Smith (1993) suggest that students
do not have a sense of either the provisional nature of scientific knowledge or the cyclical
and constructive nature of scientific research. They are, for instance, unable to articulate
epistemic heuristics that might help a scientist follow up on experimental failures. Work
of this nature led us to expect that epistemologies of science might undergo considerable
change as students move from high school through graduate training to become practicing
scientists.

Description of the Study

This study investigated the ways in which beliefs about the nature of the science vary as a
function of an individual’s chemistry expertise and chemistry research experience. The data
for this paper are drawn from interviews with research chemists (Samarapungavan, 1992;
Westby, Samarapungavan, & Bodner, 2000) and interviews with high-school, undergradu-
ate, and graduate chemistry students (Westby, 2003). The interviews were based on sets of
questions that examined: (a) the contextualized criteria that the participants use to evaluate
and regulate their own work in chemistry and (b) the participants’ general views about what
science is. We hypothesized that the questions anchored in the participants’ chemistry work
were more likely to elicit discipline-specific epistemic concepts. The interviews are de-
scribed in more detail in the methodology section. The interviews were designed to provide
data with regard to three key research questions:

• Do the participants’ epistemic beliefs vary as a function of chemistry expertise?
• Are there discipline-specific values and heuristics that guide chemistry research?
• How does research experience influence the participants’ epistemic beliefs?

METHODOLOGY

The methodological framework for this study draws from cognitive science methods
for the gathering and analysis of verbal data (Chi, 1997). Specifically, data were collected
through scripted, semistructured interviews. Iterative quantitative content analysis was used
to code and analyze verbal data (Samarapungavan & Wiers, 1997; Vosniadou & Brewer,
1992).

Sample

The sample consisted of 91 volunteers selected from five groups that represent different
degrees of experience with chemistry and chemical research. A brief description of each
group follows: The first group (“scientists”) were chemistry faculty actively involved in
chemistry research (N = 13); the second group (“grads”) were chemistry graduate stu-
dents enrolled in a doctoral program (N = 22); the third group (“research trainees”) were
undergraduate chemistry majors involved in chemistry research who were considered to
be research trainees (N = 20); the fourth group (“undergrads”) were second-semester
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undergraduates enrolled in a general chemistry course with a laboratory component (N =
17); the participants in the four groups described above were from a major midwestern
research university. The fifth group (“high school”) were students at a large midwestern
public high school who were enrolled in a high-school chemistry course with a laboratory
component (N = 19).

Purposeful sampling, based on peer nomination, was used to identify the participating
scientists and graduate students (Patton, 1990). Members of the other three groups were
volunteers, which meant that our sample is only representative of students who have a
special interest in science.

Epistemic Interviews

Content and Structure of Interviews. The study from which the current data are
drawn examined participants’ beliefs with to several epistemic themes using a scripted,
semistructured interview format. The epistemic themes were identified by members of our
research team through a theoretical analysis of the literature in the naturalistic history and
philosophy of science as well as a review of prior work in science education cited above.
This paper analyzes and reports data focused on five epistemic themes which will be de-
scribed below. The interviews were based on a set of sequentially ordered core questions,
with follow-up questions asked for clarification where needed. The interview questions
used in this study were adapted from an earlier interview with scientists (Samarapungavan,
1992). To help ensure content validity, the initial interview questions were reviewed and
critiqued by two philosophers with interests in the history and philosophy of science who
were faculty members at major research universities. Based on these reviews and pilot data,
the questionnaire was modified and a set of different, partially overlapping interviews were
developed for each of the groups (Westby, 2003).

The specific questions analyzed in this study are listed in Table 1. Some questions focused
on discipline-specific aspects of epistemology (Q1–Q11), whereas others examined the
participants’ beliefs about science in general (Q12, Q13). All interviews covered a common
core of epistemic themes, but the specific questions were adapted for different levels of
expertise (see Table 1).

The questions in Table 1 are organized into a set of five epistemic themes. Theme 1:
Description of Own Work contains questions that allowed the participants to describe their
current work as chemists or chemistry students. Scientists, graduate students, and research
trainees were asked to describe their current research and to explain how they came to be
involved in this research, while undergraduate and high-school students enrolled in chem-
istry laboratory courses were asked to describe their work in their respective courses and
to explain the purpose of their laboratory work. Theme 2: Choice of Problems and Meth-
ods consists of questions that addressed the choice of problems and methods. Scientists,
graduate students, and research trainees were asked how they come to choose the specific
problems and methods they employ, whereas undergraduate and high-school students were
asked what determines the specific methods that they use in their laboratory courses. Theme
3: Models for Handling Empirical Anomalies consists of questions that probed the partic-
ipants’ views of empirical anomalies in laboratory work. The participants were asked to
describe their strategies for handling empirical anomalies. Scientists, graduate students, and
research trainees were also asked how they made decisions about whether to continue with
a specific set of ideas. Theme 4: Criteria for Evaluating Own Work consists of questions
that probed the participants’ criteria for evaluating their own chemistry work. Theme 5:
What Is Science consists of questions that examined the participants’ concepts of science
and to describe what differentiates the sciences from disciplines that are not sciences.
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TABLE 1
Epistemic Interviews: Questions by Theme

Theme 1. Description of Own Work
Groups 1, 2, and 3:

Q1. Could you tell me about the work you are doing this year?
Groups 4 and 5:

Q1. Could you tell me about the work you are doing in chemistry lab?
Q2. What is the purpose of labs?

Theme 2. Choice of Problems and Methods
Groups 1, 2, and 3:

Q2. How did you become involved in this research?
Q3. How did you come to choose the specific problems that you are currently working
on?
Q4. How did you decide upon specific methods to investigate these problems?

Groups 4 and 5:
Q3. N/A

Q4. What is the purpose of the specific methods that you use in labs?

Theme 3. Models for Handling Empirical Anomalies
Groups 1, 2, and 3:

Q5. In the course of your research, have you performed experiments that have yielded
unexpected results? (If yes) Can you give me some examples of such situations?
Q6. (Follow-up). How do you decide what to do next? How do you evaluate outcomes?
Q7. In the course of your research career have you ever had occasion to give up your

ideas?
Q8 (Follow-up). How do you decide whether to continue with an idea or to give it up?

Groups 4 and 5:
Q5. In the course of your labs have you obtained unexpected results? (If yes) Can you
give me some examples of such situations?
Q6. (Follow-up 5). How do you decide what to do next? How do you evaluate outcomes?

Theme 4. Criteria for Evaluating Own Work
Groups 1, 2, and 3:

Q10. How do you evaluate the success of your work?
Q11. What do you consider to be your best work? Why do you think it is your best work?

Groups 4 and 5:
Q10. How do evaluate the success of your work in chemistry?
Q11. (Same as for groups 1, 2, and 3)

Theme 5. What Is Science? (The same questions were used for all groups.)
Q12. What is science?
Q13. What differentiates the sciences from disciplines that are not sciences?

Interview Procedure. Each participant was interviewed individually for approximately
50–60 min. The interviews were audiotaped and transcribed. A member of the chemistry
research faculty served as a domain expert and was present during all interviews with the
scientists. This member of the research team was able to clarify and explain technical aspects
of the participants’ answers (e.g., methodological descriptions) for subsequent coding and
analysis.

Coding and Analysis of Data

Quantitative content analysis was used to analyze the data. The coding procedures were
adapted for the current domain from prior research (Chi, 1997; Vosniadou & Brewer, 1992).



474 SAMARAPUNGAVAN ET AL.

Responses for each participant were analyzed by theme. Responses to each set of questions
corresponding to a specific theme were analyzed independently of all other responses using a
two-stage coding procedure. We grouped the participants’ responses into nominal categories
based on common meaning or ideas. Each nominal category was identified by a unique code
(N1, N2, etc.). The nominal coding categories derived from the raw data were then analyzed
and grouped into ordinal levels (O1, O2, etc.). Lower ordinals codes represent higher or
more sophisticated levels of response. The coding categories for each theme are shown in
Table 2. In these tables, the coding categories are organized hierarchically, with nominal
codes grouped under their corresponding ordinal codes. For each theme, each participant’s
response receives only one nominal and one ordinal code. The coding process is described
in detail below.

Nominal Coding. During this initial stage of coding, we used a bottom-up scoring pro-
cedure, in which we tried to identify and code for common meaning. The participants’
responses to our questions were often complex and varied in the range of ideas expressed.
Consequently, there was sometimes a partial overlap in the content of responses coded into
separate nominal categories. To reflect the range of variation in the specific ideas expressed,
each response that contained unique meaning or content not included in existing nominal
categories was assigned to a new nominal category. A response was assigned to a nominal
coding category only if it contained all the key elements for that category. The key elements
for each nominal code by theme are provided in Table 2.

As an example of nominal coding, consider responses to questions in Theme 1 (Descrip-
tion of Own Work). The participants assigned to nominal code “N1” described their current
work in terms of creating new materials (as shown in Table 2). These participants also said
that they chose their own problems and methods, and they articulated epistemic reasons for
doing so. An example follows:

One thing we are working on right now is a fairly new material called full-luminescent porous

silicon . . . [which] can emit light under radiation and this is really important for a number of

reasons . . . to build new types computers based on light signals instead of electrical signals

. . . the surface is covered with silicon-hydride groups, so we are using these as chemical

handles with which we can functionalize that surface, because we chemists look at this

surface and say, “Oh, silicon-hydride groups, I know what to do with those.” Whereas

really, this material has been in the hands of physicists who have no idea, and they just

blast it with ion beams and smear plastic all over it, very sort of brutal things like this

. . . (Scientist 1)

The participants assigned to nominal code “N4” also described their current work in
terms of creating new materials. However, they said that the choice of research problems
and methods was determined for them by someone else, such as a more senior member of
their research group or their graduate advisor (see Table 2). An example follows:

Since two summers ago, I work with [name deleted]1 doing asymmetric catalysis with

olefins using a catalyst that one of the graduate students designed . . . I work with one of the

graduate students, it’s his project and I am basically doing whatever he wants the next step

to be. . . (Research Trainee 1)

This bottom-up nominal coding procedure allowed us to preserve conceptual variation
in responses while grouping common responses together. Once all item-level data were

1 All proper names have been deleted from quotations to preserve confidentiality.
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TABLE 2
Ordinal and Nominal Response Codes by Theme

Theme 1: Description of Own Work
O1-N1. Making new or better materials (synthesizing molecules etc.) + explanation in

terms of epistemic or pragmatic factors (e.g., yield, elegance, novelty, utility)
O1-N2. Developing new instruments/processes for analyzing materials etc. (e.g.,

spectroscopy techniques) + explanation in terms of epistemic or pragmatic factors
O1-N3. Understanding systems, /properties of materials, etc., + explanation in terms of

epistemic or pragmatic factors
O2-N4. Making new or better materials + part of larger research group effort directed by

advisor/boss
O2-N5. Developing new instruments/processes etc. (e.g., spectroscopy techniques) + part

of larger research group effort directed by advisor/boss
O2-N6. Understanding systems, /properties of materials, etc., + part of larger research

group effort directed by advisor/boss
O3-N7. Course content; refers to chapter, lab exercise etc.

Theme 2: Choice of Problems and Methods
O1-N1. Interplay of multiple factors: (a) interest, (b) desire to do good/novel science, (c)

utility/practical value, (d) prior training, (e) resources (money, students etc.)
O2-N2. Guidance from lab director + use standard methods of research group or discipline
O3-N3. Lab director or other senior research group member assigns specific tasks
O4-N4. Course requirement/instructor + purpose is to learn standard techniques,

instrumentation, /demonstrate key concepts
O4-N5. Course requirement/instructor + purpose is to keep things fresh, prevent boredom,

learn to be organized and follow directions
O4-N6. Course requirement/instructor + purpose is to prepare for college chemistry
O4-N7. Course content + no purpose – labs do not make sense

Theme 3: Models for Handling Empirical Anomalies
O1-N1. Distinguish between routine (technical) and productive anomalies that lead to new

insight + build ways to distinguish between them in methodology
O2-N2. Anomalies are routine technical errors: Identify/fix error, try different technique,

read literature and seek advice of other experts
O3-N3. Anomalies are routine technical errors: redo everything from scratch
O4-N4. Initial response has content focus (content is hard/boring etc.) + attribute empirical

anomalies to personal “stupidity,” lack of skill. No strategies for dealing with anomalies
O4-N5. Initial response has content focus + get correct answer from friends/fudge data
O4-N6. Initial response has content focus + follow up for labs: no problems (labs are easy)

Theme 4: Criteria for Evaluating Own Work
O1-N1. Multiple criteria: (a) pragmatic: peer recognition, fruitfulness, relevance to society,

(b) design: elegance, efficiency, yield, (c) cognitive: novelty, difficulty, completeness of
work

O2-N2. Cognitive criteria: solving a novel/difficult problem, completeness of work
O3-N3. Get results expected/able to “run” procedure accurately
O3-N4. Research lab supervisor or boss is happy
O4-N5. Complete required class assignments/good grades/ positive feedback from

instructor
O4-N6. Personal interest—the topic is interesting to me
O4-N7. Do not know/do not like any of my current work

Theme 5: What Is Science?
O1-N1. Understand natural world through scientific methods + objectivity based on

standard procedures for gathering evidence + mention specific norms/standards for
evaluation

O2-N2. Understand natural world + based on objective evidence
O2-N3. Understand natural world + focus on cognitive dimensions: explanation, analysis

etc.
O2-N4. Making sense of the world at a personal level + relativist stance on knowledge
O3-N5. Utilitarian aspects only (solve practical problems, improve human condition)
O3-N6. Study of the natural world—refer to content (e.g., atoms and molecules)
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assigned a nominal code, an external rater was asked to independently score one third of
the interviews from each group in the study (selected randomly). Inter-rater agreement for
nominal coding was 98%. Members of the research team reviewed the responses on which
there was disagreement and final codes were assigned through discussion.

Ordinal Coding. Once the nominal coding was completed, the nominal codes for each
theme were further grouped together into ordinal categories (O1, O2, etc.). A lower nu-
merical code, such as O1, corresponds to a more advanced or sophisticated response than
a higher code such as O2. There are three levels of ordinal coding (O1–O3) for Theme 1
(Description of Own Work) in Table 2, for example. O1 includes nominal codes N1–N3,
O2 includes nominal codes N4–N6, and O3 includes nominal code N7. The ordinal coding
of nominal categories was based on correspondence to epistemic concepts articulated in
the history and philosophy of science, as well as on the range, elaboration, and specificity
of the ideas expressed. This is illustrated by the ordinal coding of responses for Theme 4
(Criteria for Evaluating Own Work), which explored the participants’ criteria for evaluating
their own scientific work, shown in Table 2. O1 responses for this theme expressed the use
of multiple evaluation criteria including design criteria (e.g., yield, selectivity), pragmatic
criteria such (e.g., impact, fruitfulness, relevance to social problems), and intellectual or
rational criteria (e.g., novelty, completeness of work). O2 responses were narrower in scope,
referring only to intellectual or rational criteria. O3 responses reflected a “job” orientation
to laboratory research, in which the ability to “get the job done” in a timely manner, or the
satisfaction of the research supervisor, were the primary criteria for evaluating success. O4
responses in this theme did not refer to any specific aspects of the laboratory work at all.
Instead these participants used very general, unelaborated heuristics such as getting good
grades on course work, or whether the topic was “boring.” Inter-rater reliability was com-
puted independently for ordinal coding using the same procedure as for nominal coding.
The inter-rater agreement was 92%. Disagreements were resolved through discussion.

Analysis. After the ordinal coding was completed, nonparametric (Kruskal–Wallis) tests
were performed for each theme to examine if the ordinal levels of response varied signifi-
cantly across the five groups included in the study. The Kruskal–Wallis test is a nonpara-
metric alternative to the ANOVA for multiple independent samples (Hollander & Wolfe,
1999; Kruskal & Wallis, 1952). It is appropriate when important assumptions for parametric
statistics such as an interval level of measurement, normal distribution of the variable in the
source populations, and equal variance in the samples cannot be met (Hollander & Wolfe,
1999). An α level of p = .001 was selected as the criterion for statistical significance. If the
Kruskal–Wallis analysis indicated that there were significant differences between groups,
post hoc multiple comparison procedures based on pairwise rankings were used to further
explore group differences (Hollander & Wolfe, 1999; Steele, 1960). An α level of p = .05
was selected as the criterion for statistical significance for the post hoc comparisons. The
results of these tests and descriptive data are presented below.

RESULTS

Results of Kruskal---Wallis

The results of the Kruskal–Wallis tests indicate there were significant differences in
group responses for each of the five themes (see Table 3). To further explore the nature of
these differences, we conducted post hoc pairwise comparisons of group performance for
each theme. The results of the post hoc comparisons and descriptive data for each theme
are presented below.



CONTEXTUAL EPISTEMIC DEVELOPMENT IN SCIENCE 477

TABLE 3
Kruskal---Wallis Test of Significance for Thematic Response Level by Group

Theme df Chi Square

1: Description of Own Work 4 79.754∗

2: Choice of Problems and Methods 4 87.839∗

3: Models for Handling Empirical Anomalies 4 85.178∗

4: Criteria for Evaluating Own Work 4 76.014∗

5: What Is Science? 4 23.064∗

Note. ∗denotes significance at α = .001 level.

Theme 1: Description of Own Work. Responses to questions in Theme 1 were ob-
tained by asking each group of participants to describe the work that they were engaged
in over the past year. Post hoc pairwise comparisons by group (see Table 4) indicated that
the scientists differed significantly in their responses from all other groups. The graduate
students and undergraduate research trainees did not differ significantly from each other,
but each of these groups differed significantly from the undergraduates and high-school
students. There were no significant differences between undergraduate and high-school
students.

Table 5 shows the percentage of ordinal responses for each group. All of the scientists,
82% of the graduate students, and 40% of the undergraduate research trainees, gave O1
responses. The category of O1 responses included three variants at the nominal level. N1
respondents described their work as that of building molecules, N2 respondents described
their work as developing new instruments or techniques for chemical analysis, and N3
respondents described their work as trying to understand the behavior or properties of
chemicals. All the participants with O1 responses spontaneously explained their projects in
terms of certain pragmatic and/or epistemic goals. Specific examples of O1 responses follow:

Example 1 (O1-N1)

I am a synthetic organic chemist and what that means is that we are building molecules

. . . our interest in these molecules, I guess, is threefold. First of all we would like to

be able to make them in an efficient way at the strategic level. Two, we would like

to be able to make them in an efficient way at the tactical level, meaning the best

possible overall yield. And three . . . we would like to answer biological questions

. . . virtually all of our target molecules have major biological interest in the terms

of cancer, heart disease . . . and in addition to that, we want new chemistry to evolve

. . . (Scientist 4)

Example 2 (O1-N2)

It is called combinatorial chemistry. So this technology allows science to grow much

faster . . . I spent my thesis research preparing artificial receptors and it took me an

average of six months to make one single receptor. Using combinatorial chemistry,

I can make one million or one billion receptors in a few months . . . (Scientist 3)

Example 3 (O1-N3)

We try to understand the behavior of chain molecules when they are in the close

vicinity of a surface or an interface . . . ” (Scientist 7)
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TABLE 4
Standardized Difference Scores for Post Hoc Pairwise Comparisons by
Group and Theme

Theme 1: Description of Own Work

Grads Research Trainees Undergrads High School

Scientists .541 5.390∗ 5.498∗ 5.627∗

Grads − 1.409 5.686∗ 5.863∗

Research Trainees − − 4.246∗ 4.373∗

Undergrads − − − 0.000

Theme 2: Choice of Problems and Methods

Grads Research Trainees Undergrads High School

Scientists 1.490 3.842∗ 6.592∗ 6.748∗

Grads − 2.743∗ 5.907∗ 6.091∗

Research Trainees − − 3.214∗ 3.310∗

Undergrads − − − 0.000

Theme 3: Models for Handling Empirical Anomalies

Grads Research Trainees Undergrads High School

Scientists 2.474∗ 3.318∗ 6.782∗ 6.942∗

Grads − 1.025 5.057∗ 5.215∗

Research Trainees − − 3.991∗ 4.110∗

Undergrads − − − 0.000

Theme 4: Criteria for Evaluating Own Work

Grads Research Trainees Undergrads High School

Scientists 2.354∗ 3.608∗ 6.601∗ 6.942∗

Grads − 1.495 4.981∗ 5.349∗

Research Trainees − − 3.476∗ 3.788∗

Undergrads − − − 0.200

Theme 5: What Is Science?

Grads Research Trainees Undergrads High School

Scientists 2.694∗ 2.748∗ 3.877∗ 3.014∗

Grads − 1.118 1.506 0.455
Research Trainees − − 1.363 0.330
Undergrads − − − 1.030

Note. ∗denotes significance at α = .05 level.

O2 responses were given by 18% of graduate students and 60% of research trainees. These
participants typically talked about their specific work as part of a larger research group
effort directed by others.

Example 1 (O2-N6)

As a group, we are working on identifying the structure of different kinds of proteins

as they move from liquid to gas or from a solid to a liquid . . . I am just actually
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TABLE 5
Frequency and Percentage of Nominal and Ordinal Responses by Group
and Theme

Scientists Grads Research Trainees Undergrads High School

Codes Fr. (%) Fr. (%) Fr. (%) Fr. (%) Fr. (%)

Theme 1: Description of Own Work
O1-N1 4 (31) 3 (14) 6 (30) 0 (0) 0 (0)
O1-N2 4 (31) 5 (23) 1 (5) 0 (0) 0 (0)
O1-N3 5 (38) 10 (45) 1 (5) 0 (0) 0 (0)
O1 Total 13 (100) 18 (82) 8 (40) 0 (0) 0 (0)
O2-4 0 (0) 2 (9) 2 (15) 0 (0) 0 (0)
O2-5 0 (0) 0 (0) 3 (10) 0 (0) 0 (0)
O2-6 0 (0) 2 (9) 7 (35) 0 (0) 0 (0)
O2 Total 0 (0) 4 (18) 12 (60) 0 (0) 0 (0)
O3–N7∗ 0 (0) 0 (0) 0 (0) 17 (100) 19 (100)

Theme 2: Choice of Problems and Methods
O1-N1∗ 12 (92) 3 (14) 0 (0) 0 (0) 0 (0)
O2-N2∗ 1 (8) 19 (86) 0 (0) 0 (0) 0 (0)
O3-N3∗ 0 (0) 0 (0) 20 (100) 0 (0) 0 (0)
O4-N4 0 (0) 0 (0) 0 (0) 17 (100) 8 (43)
O4-N5 0 (0) 0 (0) 0 (0) 0 (0) 5 (26)
O4-N6 0 (0) 0 (0) 0 (0) 0 (0) 5 (26)
O4-N7 0 (0) 0 (0) 0 (0) 0 (0) 1 (5)
O4 Total 0 (0) 0 (0) 0 (0) 17 (100) 19 (100)

Theme 3: Models for Handling Empirical Anomalies
O1-N1∗ 13 (100) 1 (5) 0 (0) 0 (0) 0 (0)
O2-N2∗ 0 (0) 20 (90) 10 (50) 0 (0) 0 (0)
O3-N3∗ 0 (0) 1 (5) 10 (50) 0 (0) 0 (0)
O4-N4 0 (0) 0 (0) 0 (0) 3 (18) 0 (0)
O4-N5 0 (0) 0 (0) 0 (0) 4 (23) 2 (10)
O4-N6 0 (0) 0 (0) 0 (0) 10 (59) 17 (90)
O4 Total 0 (0) 0 (0) 0 (0) 17 (100) 19 (100)

Theme 4: Criteria for Evaluating Own Work
O1-N1∗ 13 (100) 1 (5) 0 (0) 0 (0) 0 (0)
O2-N2∗ 0 (0) 15 (68) 2 (10) 0 (0) 0 (0)
O3-N3 0 (0) 4 (18) 14 (70) 1 (6) 0 (0)
O3-N4 0 (0) 1 (5) 4 (20) 0 (0) 0 (0)
O3 Total 0 (0) 5 (22) 18 (90) 1 (6) 0 (0)
O4-N5 0 (0) 0 (0) 0 (0) 14 (82) 19 (100)
O4-N6 0 (0) 0 (0) 0 (0) 2 (12) 0 (0)
O4-N7 0 (0) 1 (5) 0 (0) 0 (0) 0 (0)
O4 Total 0 (0) 1 (5) 0 (0) 16 (94) 19 (100)

Theme 5: What Is Science?
O1-N1∗ 6 (46) 0 (0) 0 (0) 0 (0) 0 (0)
O2-N2 6 (46) 16 (72) 12 (60) 7 (41) 13 (68)
O2-N3 1 (8) 0 (0) 3 (15) 1 (6) 1 (5)
O2-N4 0 (0) 1 (5) 0 (0) 0 (0) 0 (0)
O2 Total 7 (54) 17 (77) 15 (75) 8 (47) 14 (72)
O3-N5 0 (0) 2 (9) 1 (5) 1 (6) 1 (5)
O3-N6 0 (0) 3 (14) 4 (20) 8 (47) 4 (21)
O3 Total 0 (0) 5 (23) 5 (25) 9 (53) 5 (26)

Note. ∗denotes that there is no separate row for the ordinal total because there is only one
nominal code for the corresponding ordinal code.
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repeating stuff that was done before, so I am just following a procedure multiple

times to see if it’s sound. (Research Trainee 6)

All of the undergraduate and high-school students enrolled in chemistry laboratory
courses gave O3 responses. These responses typically described current work with ref-
erence to course work requirements. There was no attempt to frame laboratory work in
terms of its scientific function or purpose.

Example 1 (O3-N7)

I don’t know . . . It [lab work] doesn’t make much sense, when you do it a lot of it,

you don’t know why you are doing it. The spectrophotometer, with the frequencies

of light, we took the zinc out of a penny and only left a shell. There was one more

but I can’t remember it. (High School 7)

Theme 2: Choice of Problems and Methods. Theme 2 questions probed the partic-
ipants’ ideas about the factors that determined the problems they were currently working
on in the laboratory and the methods that they used to tackle these problems. For scientists,
graduate students, and research trainees, Theme 2 questions were anchored in their current
research. For undergraduate and high-school students, the questions were anchored in their
current laboratory work.

The results of the post hoc comparisons indicate that there were no significant differences
in responses between scientists and graduate students and between undergraduate and high-
school students (see Table 4). All other groups differed significantly from each other.

O1 responses were given mainly by scientists (92%). The participants in this category
gave multifaceted responses, listing a combination of pragmatic and epistemic factors that
led them to select certain research problems and methods for tackling those problems.

Example (O1-N1)

My primary goals in choosing research projects? Number one [that] it be what I call

good science, which means that you are attacking a fundamental question in some

quantitative fashion, hopefully with a yes/no answer . . . Really, in most cases, that

doesn’t turn out to be true, that is a basic goal. And that it match my students’ areas

of interest and long-term goals. So the research is very much a teaching vehicle for

the students involved . . . if it is solvable by [technique2], it is more likely to get my

attention than if it is not . . . (Scientist 5)

O2 were provided primarily by graduate students (86%) although one practicing scientist
gave an O2 response as well (see Table 5). Responses in this category attributed the choice
of research problem to guidance from a laboratory director or doctoral advisor. Additionally,
the participants in this category said that they were using standard methods in their discipline.

Example (O2-N2)

The general idea was given to us by [name deleted] . . . you only get a skeleton of

the project and you have to fill in . . . mostly through literature searches and talking

to people about what has worked for them . . . (Grad 6)

2 Names of specific techniques are deleted to preserve confidentiality.
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All the research trainees gave O3 responses, while none of the other groups did (see
Table 5). O3 responses focused on specific laboratory tasks rather than the research project
as a whole and attributed the assignment of the tasks to the director of the research group
or other senior members.

Example (O3-N3)

In terms of the specific molecules I am looking at? That comes from the director; he

lets me know what to work with and what to look for . . . (Research Trainee 5)

All the undergraduate and high-school students gave O4 responses (see Table 5). These
participants said that the laboratory work was determined by course requirements and/or the
course instructor. Such responses were consistent with the structure and demands of typical
college and high-school laboratory courses. An interesting aspect of the O4 responses was
the participants’ beliefs about the purpose of the laboratory work that they were doing.
Within the O4 category, three nominal response types were differentiated based on the
purposes ascribed to laboratory work (see N4, N5, and N6 in Table 2). N4 respondents were
primarily undergraduate students who said that the purpose of the laboratory work was
to illustrate key chemistry concepts and/or to teach them standard techniques of chemical
analysis and the use of instrumentation. N5 respondents were high-school students who
said that the purpose of laboratory work was to prepare them for college chemistry courses.
N6 respondents were high-school students who said that the purpose of laboratory work
was to provide a break from the regular school routine, to prevent boredom, or to see if
students were organized and could follow directions. Specific examples follow:

Example 1 (O4-N5)

. . . Mr. [name deleted] has said that a lot of college science classes have laboratory

sections, and that they have to do lab reports too so maybe it’s to like get us familiar

with it. (High School 13)

Example 2 (O4-N6):

Well the course covers chemical equations and we are doing a lot of stoichiometry

and mole conversions . . . [Follow-up] to like see if we can follow directions and do

what we are supposed to do. (High School 6)

Theme 3: Models for Handling Empirical Anomalies. As noted earlier, attempts to
characterize the empirical dimensions of science have been at the heart of scholarship and
debate about the nature of science. The questions for this theme probed the participants’
views of the empirical aspects of scientific work, especially their views about the nature
and sources of empirical anomalies. There were also questions that examined the specific
strategies that the participants used to handle the empirical anomalies.

The post hoc comparisons indicate that there were significant differences in responses
on all pairwise comparisons except between graduate students and research trainees and
between undergraduate and high-school students, respectively (see Table 4). All the scien-
tists gave O1 responses (see Table 5). These participants said that empirical anomalies were
frequent and pervasive in research. They also distinguished between two types of empirical
anomalies. The most frequent source of empirical anomalies was routine methodological
error. O1 participants identified many chemistry specific sources of routine error such as
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temperature fluctuations, improper calibration of instruments, cross-contamination or impu-
rities in chemicals, and the technical expertise of laboratory assistants and students (“good
hands”). These participants said that they built checks and controls for routine errors into
their research, by anticipating the kinds of errors that might occur, planning experimental
replications to establish the robustness of their findings, and planning sequences of experi-
ments to triangulate and understand their empirical results. However, O1 participants also
identified what we call “productive” anomalies. These are empirical results that are unex-
pected and (initially) problematic but the process of trying to understand and account for
the anomalous findings leads to exciting new insights or venues for research. Below is an
example of an O1 response that illustrates the distinction between routine and productive
anomalies:

Example (O1-N1)

[it] deals with more intangible things such as being a chemical detective and an

opportunist, in that many times you write down on a piece of paper what a reaction

is supposed to do and it does something quite different and there is a great deal of

fun in trying to figure out what it did wrong . . . many times when one is attentive

and puts these things in the right perspective, you discover that nature is giving you

something much more than you asked for in the first place . . . You know we have a

lot of computer modeling that we do before we run the reactions that tell us at least

in general detail what we expect and if something very different happens, that means

we haven’t considered something that nature thinks is a lower energy process than

we did, and nature never makes a mistake, only chemists make mistakes . . . [We

have given up research projects] many times, we would be trying to synthesize a

given molecule and we would run out of good ideas to try . . . In organic chemistry

the worst decision made, a faculty member has to make, is when is it time to say

enough; because in the back of your mind, if the work is not done with your own

hands, and it has been many years since the work has been done with my own hands,

that you kind of wonder that the reason it is failing is because the student hasn’t

quite mixed the things right, put in the right catalyst, weighed the right amounts,

and followed the reaction in the right way . . . Students are a great combination of

things, some are good in the library, some are good very much in the lab, the so

called golden hands approach . . .

. . . Well, in the last couple of years we have had some [empirical anomalies] which

are sufficiently interesting that they have changed my research direction in very large

ways. Three years ago, we made a discovery which was the inception of making a

carbon–carbon bond from a carbon–hydrogen bond. Basically, it hadn’t really been

done before and we discovered this much in the way of trying to dissolve a material

in a solvent and run a reaction and the material reacted with the solvent and from

there it directed our research for the next year and a half and had me put three or

four new people on such a project . . . The other thing is, my projects have a lot

of interrelated phenomenon, that somebody in lab A makes a discovery and gets a

failure and somebody in lab D has been trying to do [it] a different way and this sort

of cross fertilization approach is very, very useful, and that is why I try to have many

projects that are not identical but they all use similar sorts of strategies and we find

things. (Scientist 4)

Additionally, O1 respondents said that they had abandoned specific research projects and
redirected their attention to others based on a variety of pragmatic factors. Some of the
factors mentioned were laboratory resources such as equipment and technical expertise of
lab personnel, funding, the estimated time required to solve the target problem relative to
the time it would take to succeed on other projects within the lab, and the time it would take
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competing labs in the scientific community to solve the same problem. However, O1 respon-
dents also said that they never really abandoned a research idea (unless another research
group beat them to the solution); rather, they put less successful or more difficult projects on
hold until some future date when they hoped to have more resources. An example follows:

Example (O1-N1)

. . . I guess in your heart of hearts, you never really give [a research project] up. You

are just waiting for the right person to come along. Reformulation, oh, yeah, that

happens all the time . . . (Scientist 2)

O2 responses were given by 90% of graduate students and 50% of undergraduate research
trainees. Like O1 respondents, those participants who gave O2 responses recognized that
empirical anomalies were common. They could also identify common sources of routine
methodological error and used a variety of domain specific trouble shooting techniques to
try and locate and correct for such error. However, unlike O1 respondents, they viewed
empirical anomalies negatively, as something to be eliminated and they did not talk about
productive anomalies.

Example (O2-N2)

Yes, that [empirical anomaly] is just a normal part of science. . . one time when I had

confusing results, my guess is that the amount of protein I was using was too high

or something, so the first thing that I looked at was what parameters was I using . . . I

think the problems that I mostly encounter were related to the techniques. (Grad 2)

O3 responses occurred primarily among research trainees (50%). These respondents
viewed anomalies as their personal failures to produce what was needed for the research
project. O3 responses are characterized by a low-level task or procedural focus and a lack of
discipline-specific heuristics for trouble shooting. Typically, these participants responded
to empirical anomalies by redoing everything from scratch.

Example (O3-N3)

. . . My biggest problems in the lab have to do with making the product and not having

all of the imperfections . . . Try it over, my first step would be to do it over exactly

the same . . . mostly it’s just trial and error, redo, redo process. (Research Trainee 5)

All the undergraduate students and high-school students gave O4 responses (see Table 5).
O4 participants typically responded to the initial questions by referring to the difficulty of
chemistry concepts rather than to empirical anomalies. Upon follow-up questioning to
redirect their attention to empirical anomalies, they responded with one of three variations
at the nominal level (see N4, N5, and N6 in Table 2). The participants coded N4, seemed
to regard anomalies as infrequent occurrences and attributed the odd instance of laboratory
error to their lack of personal skill or knowledge or to careless mistakes. They did not seem
to have any specific strategies for dealing with empirical anomalies. N5 participants said that
they dealt with anomalies by copying the correct answers from friends or fudging their data
to get the expected results. N6 participants denied experiencing any empirical problems in
the course of laboratory work. This was the most common variant of O4 responses with 59%
of undergraduates, and 90% of high-school students saying they never had any problems in
the course of their lab work! Specific examples follow:
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Example 1 (O4-N5):

I guess the point of lab is to show the practical application but a lot of time, it’s like

we just have two hours to get done, so we just hurry up and do what we are supposed

to do . . . we just want to get the right percent yield so we get a good grade . . . We

kind of know what were are supposed to get before we do the lab . . . so we watch

other groups and we make sure we don’t fall too far behind. If we do, we ask the TA

for help or cut a few corners to get the product. (Undergrad 5)

Example 2 (O4-N6):

No, they (labs) are really straightforward, we get a sheet about what we are doing,

and he (instructor) goes over it and we copy the data we get onto the sheet so it’s not

too hard. (High School 6)

Theme 4: Criteria for Evaluating Own Work. The questions relating to Theme
4 probed the criteria that the participants used to evaluate their own chemistry work. The
post hoc comparisons indicate that there were significant differences in responses on all
pairwise comparisons except between graduate students and research trainees and between
undergraduate and high-school students respectively (see Table 4). All the scientists gave
O1 responses (see Table 5). These participants articulated multiple criteria for evaluating
their own work. The criteria mentioned were (a) pragmatic factors such as the judgment
of peers (acceptance in peer reviewed professional journals, grants, awards), the impact
and fruitfulness of the work, and its relevance to society; (b) design criteria such as ele-
gance, efficiency, and yield; and (c) cognitive factors such as the novelty, difficulty, and
completeness of the work (see Table 2). Two excerpts illustrating these responses follow:

Example 1 (O1-N1):

Well I guess I have I two driving forces . . . to make an environmental catalyst that

is useful, cheap, and efficient . . . to develop new tools to look at surface chemistry

which are kind of longer range projects, maybe a little bit more risky . . . I often pay

attention as to whether . . . somebody really took the time to make a lot of careful

measurements . . . as I progress I am finding more satisfaction in getting challenging

experiments to work . . . it takes a lot of hard work to make something completely new

beat other techniques that are more established . . . There are also certainly external

markers . . . grant money or publications or recognition and invitations and all that

kind of stuff . . . in [participant’s area of research] . . . there are some very standard

things you try and improve, sensitivity and resolution . . . (Scientist 9)

O2 responses focused exclusively on cognitive criteria such as the novelty, difficulty, or
completeness of the work. These responses were by 68% of graduate students.

Example (O2-N2):

. . . [It is good work if it is] novel chemistry or if you can use all the chemistry that

you have, use known knowledge and apply [it] to new molecules, and also if you

can finish something that people have not done before. (Grad 17)

O3 responses had a low-level task focus. As can be seen from Table 5, 90% of research
trainees gave O3 responses. There were two variants of O3 responses (see Table 2). The
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participants who received a nominal code of N3 said that they evaluated their work based
on whether or not they could complete their assigned laboratory tasks correctly and in a
timely manner. The participants who received a nominal code of N4 said that their main
criterion for evaluating their own laboratory work was whether their research supervisor or
laboratory director was satisfied with their work. Specific examples follow:

Example 1 (O3-N3):

How do I judge my work? . . . If things happen the way they should and I am able to

get a decent product. I also think about how quickly or how many times it takes me

to complete something . . . (Research Trainee 13)

Example 2 (O3-N4):

When I get the results that he [laboratory director] wants, I consider that successful

. . . (Research Trainee 8)

Ninety-four percent of the undergraduate and all of the high-school students gave O4
responses. These responses did not make any reference to empirical results or specific
aspects of laboratory work. O4 responses included three variations represented by nominal
codes N5, N6, and N7, respectively (see Table 2). The most common variant, N5, was
given by all of the high-school students and 82% of the undergraduate chemistry students.
These students essentially said that they evaluated themselves based on their ability to
complete class assignments, course grades, and/or feedback from their teacher. A few
undergraduates (12%) gave N6 responses. These students said that they judged their work
based on whether or not it was of personal interest. Only one participant, a graduate student,
gave an N7 response. She said that she did not like any of her work in science and found it
uninteresting. A specific example of an O4 responses follows:

Example (O4-N5):

The biggest thing I focus on is what Mr. [name deleted] says about how I am doing

and my grades on homework and labs. (High School 18)

Theme 5: What Is Science?. Questions for Theme 5 probed the participants’ concepts
of science in general. The participants were asked, “What is science?” Follow-up questions
asked what differentiated science from nonscientific disciplines. Post hoc comparisons
indicate that scientists differed significantly from every other group. There were no other
significant differences (see Table 4). O1 responses were provided by 46% of scientists. These
responses were multifaceted. The scientists started out by defining science as an attempt to
understand the natural world. They said that what distinguished science from nonscientific
endeavors was that science demanded objectivity based on standard procedures for gathering
evidence. Further, they mentioned specific norms and standards for evaluating scientific
claims including methodological norms (e.g., experimental manipulation, replication) and
epistemic norms (e.g., precision and accuracy, replicability etc.). An example follows:

Example (O1-N1):

Science is organized curiosity . . . I think the difference is whether or not you can . . .

make measurements that other people can verify and in organic chemistry it is very

seldom that anybody will ever do it [replicate others’ work] to the extent of going
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the whole route but they will take little bits and pieces that they like, use it on their

molecules and so that everything eventually gets tested in sort of orthogonal ways,

so you don’t usually get away with an outright lie. . . . Noticing unusual phenomena

and trying to explain them . . . (Scientist 4)

A large number of participants from all five groups gave O2 responses (see Table 5).
O2 responses were given by 54% of scientists, 77% of graduate students, 75% of research
trainees, 47% of undergraduates, and 72% of high-school students. O2 responses described
science as an attempt to understand the natural world. There were three variants of O2
responses at the nominal level (see N2, N3, and N4 in Table 2). N2 responses indicated that
consensus on scientific knowledge was based on objective evidence or proof. However, these
responses were not specific with regard to methodological and epistemic features that formed
the basis of objective consensus in science. N3 responses focused on the cognitive aspects
of scientific knowledge such as explanation, systematic analysis, etc. N4 was a unique
response pattern, given by just one participant, a graduate student, revealing a relativistic
stance with regard to scientific knowledge. Specific examples of O2 responses follow:

Example 1 (O2-N2):

Science is a way to understand how things work . . . through observation and scrutiny

of phenomenon in an objective, documented way . . . [in nonscience] There is not the

same rigor or documentation of what you observe or it doesn’t focus on how things

work in the world.” (Grad 21)

Example 2 (O2-N3):

[Science is] logical thinking. . . It’s looking at things in an orderly way, making sure

what you are doing is systematic . . . (Grad 8)

Example 3 (O2-N4):

. . . I think as scientists we think we have a lot more answers than we actually have.

And we think that just because the numbers say something that there’s truth associated

with that. Where you know that if you’ve been in science long enough you can make

the data say just about anything you want it to . . . Um, you know, whether you can

get an answer besides or not is debatable in a lot of areas. (Grad 14)

O3 responses did not refer to the empirical content or methods of science. Instead, these
responses either focused on the utilitarian aspects of science or defined science in terms
of content (see N5 and N6 in Table 2). Twenty-three percent of graduate students, 25%
of research trainees, 53% of undergraduates, and 26% of high-school students gave O3
responses.

Example 1 (O3-N5):

I think science is a collection of ideas . . . that help us make sense of the world around

us . . . Other areas, outside science, are not concerned with finding application for

new things or developing more effective ways of keeping you healthy . . . (Research

Trainee 12)

Example 2 (O3-N6):

To me science is basically learning about how things work in nature, whether it is

metabolism of a plant or that of a human or in general, not only that, as far as the
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anatomy or the physiology, it is just everything, you can look at the crux of the earth

and try to figure out how a volcano erupts and what causes it to do that . . . (Research

Trainee 3)

In summary, the descriptive data on group performance by theme showed that there were
significant variations with expertise on each of the five themes examined in this study. The
implications of our results for our key research questions will be discussed below.

DISCUSSION

This study was designed to answer three research questions about the development of
epistemological knowledge in chemistry students. The implications of our results in relation
to each of these research questions are discussed below.

Expertise and Epistemic Beliefs

The first research question we posed was: Do the participants’ epistemic beliefs vary
as a function of chemistry expertise? The results above clearly demonstrate that there was
significant variation in epistemic beliefs as a function of chemistry expertise among the
participants in this study. The results for Themes 2 (Choice of Problems and Methods), 3
(Models for Handling Empirical Anomalies), and 4 (Criteria for Evaluating Own Work)
in particular, showed that those participants who were engaged in authentic chemistry re-
search (scientists, graduate students, and undergraduate research trainees) conceptualized
and evaluated their scientific work very differently from science students who lacked au-
thentic research experiences (undergraduate and high-school students).

Most undergraduate and high-school students enrolled in chemistry laboratory courses
did not articulate any criteria for knowledge evaluation that could be called “epistemic.” Our
findings about the impoverished views of science held by high-school and undergraduate
students, whose main experience of science comes from conventional course and labora-
tory work, are consistent with previous research on students’ epistemologies of science
(Aikenhead, 1973; Carey & Smith, 1993; Ryder, Leach, & Driver, 1999). It is also consis-
tent with recent work done by one of the authors that demonstrated a fundamental difference
in the way chemistry majors view what happens in the classroom laboratory versus in the
research laboratory (Del Carlo & Bodner, 2004).

We found important qualitative differences between scientists, graduate students, and
undergraduate research trainees, indicating that differences in disciplinary expertise, espe-
cially in the duration and nature of participation in authentic research, had a significant
impact on how the participants conceptualized science and scientific research. The sci-
entists in our study, all highly respected and productive research chemists, responded to
our questions in ways that were more complex, elaborated, and nuanced than any of the
other groups. Their responses to each question were substantially longer than those of other
respondents as might be expected from excerpts cited above.

More importantly, the practicing scientists typically articulated a variety of epistemic
norms and pragmatic heuristics for evaluating knowledge claims in their discipline and in
their own research. The specific norms and heuristics articulated by scientists overlapped
considerably with a variety of epistemic and pragmatic criteria described in post-Kuhnian
scholarship in the history and philosophy of science (Curd & Cover, 1998; Laudan et al.,
1986). In contrast, even graduate (doctoral) students, who are one step away from becoming
independent researchers, articulated a much more limited range of criteria for knowledge
evaluation, focusing primarily on empirical adequacy criteria and methodological standards.
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Another interesting difference among the groups was that only scientists saw a produc-
tive or generative research role for empirical anomalies. The faculty in this study repeatedly
told us that some of their most exciting discoveries came from trying to understand and
account for anomalous results. They also said that they typically planned sets of comple-
mentary experiments to gain a robust and accurate sense of the phenomenon being studied.
Such triangulation across multiple experiments, specifically designed to control for known
factors, and to contrast alternate plausible interpretations, helped the scientists identify and
distinguish between routine technical error and productive anomalies in the course of their
empirical research.

In contrast, graduate students and undergraduate research trainees tended to view em-
pirical anomalies negatively. While they recognized that empirical anomalies were routine
in laboratory work, they viewed these as a sign of their own technical limitations. Despite
their awareness that empirical anomalies were frequent in the course of research, both of
these groups of research-active students seemed to react to anomalous data after it occurred,
rather than anticipating and planning for it in their studies.

In much the same way that the faculty and research-active graduate and undergradu-
ate students differed in their perception of the role of empirical anomalies in laboratory
work, there was a fundamental difference between the perception of anomalies held by the
graduate students/research-active undergraduates and the undergraduate and high-school
students whose view of “science” comes exclusively from exposure to classroom labora-
tory experiences. The participants in this study who had no exposure to authentic research
practices often said that they had few or no problems with empirical anomalies in laboratory
work. Some of these students also said that they dealt with the rare anomaly they encoun-
tered by fudging data or cheating. Once again, these results are consistent with prior work
by one of the authors on student’s perceptions of the classroom laboratory experience (Del
Carlo & Bodner, 2004). Our conjectures about sources of these differences in participants’
epistemologies will be discussed in relation to the next two research questions.

One aspect worth noting is that the results of the current study contrast with those of
past researchers who have suggested that scientists may have relatively unsophisticated
understandings of the nature of science (see, for example, Bell & Lederman, 2003). We
believe that the main reason for these differences is our methodological approach, which
tries to identify enacted epistemologies by anchoring epistemic questions in the participants’
own practice and areas of research expertise.

Discipline-Specific Values and Research Heuristics

The second research question posed in this study was: Are there discipline-specific values
and heuristics that guide chemistry research? From the responses of the scientists, and to a
lesser extent of the graduate students, it was evident that disciplinary expertise and training
in chemistry research contextualized the participants’ epistemologies in important ways.
Research chemists consistently offered contextualized accounts of their own work with
reference to the norms and standards of disciplinary practice in chemistry. They expressed
an awareness of the public or intersubjective dimensions of science (Husserl, 1973). They
articulated several factors that shaped both their own scientific work and the way in which
the scientific community of research chemistry produces, evaluates, and revises knowledge.
For example they referred to (a) shared methodological standards of the chemistry research
community, (b) the accuracy and replicability of empirical evidence, (c) the fit of their
discoveries in the broader scheme of well-founded chemistry knowledge, (d) the fruitfulness
of their research in terms of leading to new venues for research and discovery not only within
their own programs but for their peers as well, (e) the relevance and utility of their work with
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respect to important social problems and needs, and (f) the judgment of research peers as
expressed by the acceptance of their work in prestigious peer-reviewed journals, by external
funding, and by professional awards.

Philosophers of science with diverse perspectives about the nature of science have sug-
gested that many of these criteria serve to distinguish science from nonscience and are
shared across the specific disciplines and subdisciplines of science (Kitcher, 1993; Kuhn,
1977; Laudan, 1990; Longino, 1990). However as noted in the introduction, contemporary
scholarship on the nature of science suggests the specific content and form of the judgments
that flow from these general criteria are shaped by discipline-specific factors or what Kuhn
(1977) has referred to as the disciplinary matrix.

The responses of the practicing scientists clearly illustrate how both epistemic and prag-
matic criteria for evaluating chemistry research are expressed and instantiated in terms of
discipline-specific content. Indeed, the research chemists tended to spontaneously flesh out
and elaborate their responses with specific examples from their own discipline, even when
responding to the general questions about the nature of science in Theme 5. One scientist
(Scientist 4), for example, described the role of empirical accuracy and replication by using
an example of molecular synthesis when trying to define the nature of science (see example
O1–Theme 5 under results).

While the graduate students did show some understanding of discipline-specific heuristics
for evaluating their laboratory work, they typically focused on issues of empirical adequacy.
They did not show any explicit awareness of how the public or intersubjective dimensions
of science might shape epistemic or pragmatic criteria for knowledge evaluation. The other
three groups of students did not demonstrate any clear understanding of these factors either.

The research chemists in our study also typically framed their scientific work in terms
of a design or engineering language, rather than one of theory building and theory testing.
For example, they talked about trying to build or synthesize molecules because chemistry
theory predicted that such molecules could be built.

The scientists in this study articulated several discipline-specific design heuristics for eval-
uating their own scientific work. They talked about the efficiency and elegance of chemical
synthesis, for example, based on such things as yield (how much of a target substance was
actually obtained relative to the maximum amount possible on the basis of conservation of
mass), the use of low-energy reactions, the difficulty of isolating intermediates in a reaction
sequence, and the number of intermediary steps in the synthesis.

The ways which research chemists in this study thought about their scientific work did not
correspond to certain “nature of science” concepts that prior science education research has
focused on, such as the distinction between “theories” and “laws,” or the nature of theory
(see, for instance, Carey & Smith, 1993; Lederman et al., 2002; Smith et al., 2000). The
research chemists did not appear to regard their own research as in any way “testing” the
foundational theories of chemistry. Indeed, they typically reported that, even when faced
with persistent empirical problems that required them to shelve a line of inquiry, they did
not question the underlying body of chemistry theory. For example, no matter how many
times and in how many different ways the chemists in this study tried to build a molecule
and failed, they never questioned the body of chemistry theory which predicted that the
molecule could be built. This is consistent with Kuhn’s (1962) characterization of normal
science.

We draw attention to these findings to raise larger questions about the goals and content of
education about the nature of science. Some of the pedagogical objectives associated with
the nature of science education have been (a) to increase understanding of what science is
or to make people aware of the nature of science, (b) to increase scientific literacy or the
ability of people to make informed decisions on issues involving science and technology, and
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(c) to increase knowledge of the processes of scientific inquiry or how science is done (Bell
et al., 2003). Our research suggests that unless a consideration of epistemic issues is closely
linked to specific traditions of disciplinary knowledge and inquiry practices, students are
unlikely to acquire sophisticated enacted epistemologies. This is important if one of the
hopes of science education is that understanding the nature of science will help people
reason better in their daily lives (Bell & Lederman, 2003; Lederman and O’Malley, 1990).
Merely knowing in general that scientific knowledge is tentative rather than absolute or
that scientific theories are supported by evidence for example, does not help a nonexpert
evaluate the soundness of any particular knowledge claim in science.

Consider the question of how scientists know what a species is discussed earlier which
has figured in some of the more recent attempts to assess epistemologies of science. Some
recent experiments have shown that whether or not two groups of animals meet the criteria
for being separate species is not fixed but depends on their environment. So for instance,
two groups of cichlids that inhabit Lake Victoria (Pundamila pundamilia and P. nyererei)
meet the standard definition for being separate species because although they occupy the
same habitat and are “available” to each other as potential mates, they do not mate and
are reproductively isolated. In fact, biologists regard these two varieties as separate cichlid
species. However, when the environmental conditions are experimentally manipulated by
placing both species in an artificial monochromatic light, the females mate across groups and
produce reproductively viable offspring (Seehausen & van Alphen, 1998). One’s evaluation
of the “textbook” definition of species would clearly be influenced by access to such domain-
specific knowledge.

We acknowledge that a broad understanding of the nature of science and scientific inquiry
must include an understanding of how specific theories have changed in the history of
the modern sciences and how they might change in the future. However, contemporary
researchers in the history and philosophy of science note that theory-driven models do
not necessarily account for the nature of scientific work in many areas of science such
as biomedical research (Thagard, 2003, 2004). Indeed, there is agreement among many
contemporary philosophers of science that the revision of foundational theories in any area
of science is a rare event and much of routine scientific practice or inquiry is not really
about testing foundational theories (Kuhn, 1962; Laudan et al., 1986; Thagard, 2004).
Therefore, we suggest that one important goal of science education should be to help students
understand the epistemic norms and values that govern current disciplinary practice within
different areas of science.

We suggest that the current characterizations of the nature of science in science education
may underrepresent important discipline-specific or contextual aspects of science and, in
turn, hinder students’ understanding of the epistemic and pragmatic bases for rational
consensus in many areas of scientific practice. As noted above, one of the stated goals
of education about the nature of science is to enhance scientific literacy and the ability of
citizens to make informed practical decisions about specific scientific claims (for example
with regard to the role of common chemicals in causing cancers). However, it seems to us
that such informed decision making must be based on some contextualized understanding
of how knowledge is created and evaluated in different areas of science. This is also true
with regard to a third goal of education about the nature of science, which is to help
students understand the processes of scientific inquiry. If important aspects of scientific
inquiry processes vary by discipline within the sciences, students need to understand such
variations in order to understand disciplinary inquiry.

While there is a growing awareness among science educators that there is no single
“scientific method” (Bell et al., 2003), it is not clear that current attempts to teach the nature
of science address the problem of domain specificity within the sciences in ways which
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will enhance students’ enacted epistemologies. We will elaborate more on this point as we
discuss the implications of our findings for our last research question.

The Nature of Research Experiences and the Development of
Epistemic Beliefs

The third question our research addressed was: How does research experience influence
the participants’ epistemic beliefs? Our results indicate that differences in chemistry research
expertise contributed significantly to the participants’ epistemic beliefs. Our participants’
responses suggested that the structure and demands of laboratory tasks, as well as the ways
in which these participants’ laboratory roles and responsibilities are defined, shaped their
perspectives of what it meant to do science.

Research in situated cognition suggests that learning and sense making is always embed-
ded in and shaped by a culture of practice (Brown, Collins, & Duguid, 1989; Lave & Wenger,
1991). The high-school and undergraduate chemistry students typically described their lab-
oratory work as simple and highly structured, with worksheets specifying exactly what
was to be done, observed, and recorded. The students believed that they knew the desired
empirical outcomes of their laboratory work in advance and were given credit, primarily for
(re)producing these outcomes. Even in such highly structured environments, one might ex-
pect empirical anomalies to be frequent, given their ubiquity in authentic research. However,
it was clear that for many high-school and undergraduate students, classroom laboratory
experiences were specifically designed to distract students from attending to such errors
and focusing them instead on the process of filling out laboratory reports. These students
often said that their instructors prompted them and gave them hints which helped them fill
out “correct” results in their laboratory notebooks.

The problems associated with traditional laboratory work in high school and college
classrooms have been documented before (Hake, 1998; Hegarty-Hazel, 1990; Hodson,
1993; Royuk & Brooks, 2003; Tobin & Gallagher, 1987). In response to these problems,
many science education researchers have suggested that practical or laboratory work in
science classrooms should involve “authentic” inquiry experiences (Chinn & Malhotra,
2002; Krajcik et al., 1998; Ryder & Leach, 1999). More recently, science educators have tried
to teach students about the nature of science through research apprenticeship experiences
that engage students in “real-world” inquiry, often in partnership with research scientists.
However, these attempts have at best met with partial success (Barab & Hay, 2001; Bell
et al., 2003; Carey & Smith, 1993; Leach, Hind, & Ryder, 2003; Smith et al., 2000). While
these efforts to provide students with authentic inquiry experiences are clearly a move in
the right direction, our findings with regard to undergraduate research trainees and graduate
students both confirm and help explain the challenges of enhancing epistemic development
through research apprenticeships.

Mere participation or apprenticeship in a real program of research does not guarantee that
students will have opportunities to reflect on many aspects of scientific inquiry. Students
who were engaged in authentic research told us that they learned a great deal about their
research craft informally by asking questions and talking to their research group members,
and even on occasion, to members of other research groups who might share research space
and instruments. However, our research also indicated that the nature and focus of such
informal conversations varied, depending on the research role of the participant and their
position in the hierarchy of their research laboratory.

The undergraduate research trainees in our study could be viewed as initiates to the
world of authentic chemistry research. This initiation clearly benefited their understanding
of certain aspects of the nature of science. For example, the undergraduate research trainees
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shared the understanding of scientists and graduate students about the ubiquity of routine
laboratory error. Unlike the undergraduate and high-school students enrolled in laboratory
courses, the research trainees also began to develop rudimentary strategies for dealing with
such error, typically in the form of retracing their steps and starting over.

Undergraduate research trainees were keenly aware of their peripheral participation in
the overall research program. One such trainee referred to himself as “a small cog” in the
wheel of research. They typically did not choose their specific research project, and had only
a partial view of the big research picture because they were assigned the most routine tasks
such as cleaning laboratory equipment, “prepping” or preparing instruments, or running
simple chemical processes for other more senior research group members such as graduate
students or postdoctoral students.

Often the undergraduate research trainees learned the technical aspects of their research
craft from these more senior students rather than the scientists directly. Even when the
undergraduate research trainees did talk to their supervising scientists, the conversations
typically focused on solving specific technical problems that were holding up the trainees’
work. Because of such communication hierarchies in research groups, undergraduate re-
search trainees began to appreciate the ubiquity of empirical error, but rarely demonstrated
a mastery of domain-specific heuristics for identifying and dealing with error.

In contrast, graduate students had more agency and control over their specific doctoral
projects, and were expected to trouble shoot independently when they encountered em-
pirical anomalies. They showed considerable knowledge of domain-specific heuristics for
evaluating their empirical work and identifying sources of routine laboratory error. How-
ever, funding for research and strategic decisions to pursue or drop specific lines of empirical
inquiry were controlled by the research scientists with whom graduate students worked.
Consequently, the graduate students typically showed little awareness of the pragmatic fac-
tors that went into the strategic direction and redirection of research programs by scientists.
This might be one reason why graduate students, in contrast to scientists, showed little
awareness of the productive possibilities of anomalies. While scientists, having strategic
and financial control over their overall program of research, could choose to redirect their
attention or to pursue entirely new research questions that arose from productive anomalies,
such choices were typically not the graduate students’ to make.

On the whole, our research indicates that immersion in authentic research experiences
provides students with important opportunities to learn about the processes of scientific
inquiry specific to their discipline. Gains in research expertise appear to come with sustained
immersion and with more central participatory roles in authentic research.

Limitations and Directions for Future Research

Our findings suggest that an important aspect of epistemic development in chemistry is
the acquisition of functional, discipline-specific epistemic and pragmatic heuristics used by
practicing scientists in a given discipline that guide their ongoing research and help them
evaluate the research of their peers. Additionally, we believe that sustained apprenticeship
in real-world research is important to chemistry students’ epistemic development. However,
further research is needed to understand the specific processes of epistemic development
and how research experiences might be enhanced to provide junior apprentices more insight
into the nature of inquiry in their specific disciplines. The current data were drawn from
interviews with the participants. In future research, observations of the participants’ labo-
ratory work, formal research group meetings, and informal conversations among research
group members would provide important data on how students’ roles and research tasks
shape their epistemic beliefs.
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Additionally, our findings about the contextual nature of epistemic development must be
qualified, as we did not observe participants across different scientific disciplines. It would
be interesting to examine whether the current patterns of results could be replicated with
research in other scientific disciplines.

Conclusions and Implications for Science Education

Our research indicates that research chemists use discipline-specific, functional, epis-
temic and pragmatic heuristics to evaluate chemistry knowledge. The ability of chemistry
students to understand and use such epistemic and pragmatic heuristics depends on the
nature and duration of their experience with authentic chemistry research. The nature of
students’ research participation, as defined by their research roles, influences how they
interact with more expert group members and their opportunities to experience and solve
research problems. In turn, such variations in research experience influence students’ epis-
temic development. One implication of these findings is that apprenticeship experiences in
authentic inquiry do not automatically guarantee epistemic development in students. Op-
portunities for epistemic development will most likely depend on the degree of research
autonomy given to students, and on opportunities to engage with expert researchers in
conversations and reflections on epistemic issues related to the program of research.
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