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Modeling Students’ Epistemic Cognition in Undergraduate Chemistry Courses: A Review
Kimberly S. DeGlopper and Ryan L. Stowe*
Abstract

Thinking about knowledge and knowing (i.e., epistemic cognition) is an important part of student learning and has
implications for how they apply their knowledge in future courses, careers, and other aspects of their lives. Three
classes of models have emerged from research on epistemic cognition: developmental models, dimensional
models, and resources models. These models can be distinguished by how value is assigned to particular
epistemic ideas (hierarchy), how consistent epistemic ideas are across time and/or context (stability), and the
degree to which people are consciously aware of their own epistemic ideas (explicitness). To determine the
extent to which these models inform research on epistemic cognition in chemistry education specifically, we
reviewed 54 articles on undergraduate chemistry students’ epistemologies. First, we sought to describe the
articles in terms of the courses and unit of study sampled, the methods and study designs implemented, and the
means of data collection utilized. We found that most studies focused on the epistemic cognition of individual
students enrolled in introductory chemistry courses. The majority were qualitative and employed exploratory or
quasi-experimental designs, but a variety of data collection methods were represented. We then coded each
article for how it treated epistemic cognition in terms of hierarchy, stability, and explicitness. The overwhelming
majority of articles performed a hierarchical analysis of students’ epistemic ideas. An equal number of articles
treated epistemic cognition as stable versus unstable across time and/or context. Likewise, about half of the
studies asked students directly about their epistemic cognition while approximately half of the studies inferred it
from students’ responses, course observations, or written artifacts. These codes were then used to infer the
models of epistemic cognition underlying these studies. Eighteen studies were mostly consistent with a
developmental or dimensional model, ten were mostly aligned with a resources model, and twenty-six did not
provide enough information to reasonably infer a model. We advocate for considering how models of epistemic
cognition—and their assumptions about hierarchy, stability, and explicitness—influence the design of studies on
students’ epistemic cognition and the conclusions that can be reasonably drawn from them.

Introduction

Ideas about knowledge and knowing underlie many of the behaviors people exhibit and the decisions they make.
Whenever people ask a question, they are pursuing some type of knowledge product (e.g., factual information).
When they engage in a particular behavior to answer that question, (e.g., typing their question into a search
engine), it is likely because they view it as a reliable process for obtaining the desired knowledge product. During
the process, they are also relying on ideas regarding appropriate justifications for knowledge (e.g., obtained from
a trustworthy source). Importantly, given how often people need to reason with or about knowledge on a daily
basis, these considerations tend to be made subconsciously (Hammer & Elby, 2002; Chinn et al., 2011).

Thinking about knowledge and knowing (i.e., epistemic cognition) is also part of student learning in the classroom.
Some ways of thinking are independent of subject matter, as exemplified by the common course goal of improving
students’ critical thinking skills (Tiruneh et al., 2014). Each discipline also has its own norms regarding what
constitutes good knowledge, how it is obtained, what form it should take, etc. (Buehl & Alexander, 2001; Talanquer
et al., 2015). These norms may be communicated to students along with specific disciplinary practices and content
(Louca et al., 2004; Rosenberg et al., 2006; Russ, 2018). For example, a teacher might respond to a student’s answer
with a comment like, “That is correct, but how did you arrive at that answer?” Such a comment conveys that
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reasoning is equally or perhaps more important than a knowledge claim. Like epistemic cognition in daily life, some
of what constitutes appropriate use of knowledge in class is communicated tacitly, for example, based on which
guestions are asked on assessments and which responses to those questions earn points (Entwistle, 1991; Momsen
et al., 2013; Scouller, 1998; Scouller & Prosser, 1994; Snyder, 1973).

The epistemic learning that occurs in the classroom has implications for how students understand and apply what
they are learning in the course, in future courses, and in other aspects of their lives. Hammer et al. (2005) argue
that the conceptual knowledge a person activates in a given context is influenced by the epistemic knowledge they
are drawing upon. For example, the role of epistemic knowledge as a “control structure” (Bing & Redish, 2009) was
used to understand why a student in an introductory physics class did not see her intuition and everyday
experiences as allowed sources of knowledge (Lising & Elby, 2005) and to explain the teacher-initiated shifts in
reasoning observed in a group of eighth graders discussing the rock cycle (Rosenberg et al., 2006). These studies
suggest that in order to support student learning and transfer of knowledge, which are stated goals of virtually all
STEM education reform efforts (National Research Council, 2012; American Association for the Advancement of
Science, 2011; Cooper & Klymkowsky, 2013; Talanquer & Pollard, 2017), instructors and researchers need to attend
to students’ epistemic cognition.

To support further research on students’ epistemic cognition, we conducted a review of the work that has been
done so far in the context of undergraduate chemistry courses. We chose to focus most of our attention on the
model of epistemic cognition used, as this informs how data is collected and interpreted. We found, however, that
most studies did not include an explicit theory of epistemic cognition. Therefore, we compared three prominent
models of epistemic cognition in the literature and identified major differences between them that would likely be
evident in a study. We developed a coding scheme based on these differences and used it to infer models of
epistemic cognition in the articles we analyzed. We present the results of our analysis and, drawing on scholarship
the broader field of epistemology research, offer recommendations for future research on epistemic cognition in
chemistry education.

Literature Background
Models of Individual Epistemic Cognition

Personal epistemology research concerns how individuals think about, construct, and evaluate knowledge. It draws
on scholarship across several fields including philosophy, the learning sciences, psychology, and discipline-based
education. Several different terms have been used to describe an individual’s ideas about knowledge, including
“epistemic beliefs” (Hofer & Pintrich, 1997), “epistemic cognition” (Kitchener, 1983; Greene et al., 2008; Sandoval,
2016), “epistemic resources” (Hammer & Elby, 2002), and “epistemic games” (Collins & Ferguson, 1993).

Given the variety in terminology, it is perhaps unsurprising that multiple ways of modeling epistemic cognition have
been developed. Below we describe the three classes of models that have emerged, along with prominent examples
for each (Table 1). For more detailed descriptions and examples, see the reviews published by Hofer and Pintrich
(1997) and Sandoval et al. (2016).
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Table 1. Models of Epistemic Cognition.

Type of Model Description Literature Examples

Developmental Models  Development of a person’s epistemology proceeds Perry (1970)

through stages of increasing sophistication
Kuhn (1999)

King & Kitchener (1994)

Dimensional Models A person’s epistemology consists of multiple aspects Schommer-Aikins (2004)
(e.g., simplicity of knowledge, certainty of knowledge,
sources of knowledge, justifications for knowledge), Hofer & Pintrich (1997)
each of which can vary in sophistication independently
of the others.

Resources Models A person’s epistemology is constructed in the moment Hammer & Elby (2002)
and the sophistication or utility varies according to the
situation. These models typically organize epistemic Chinn, Buckland, & Samarapungavan
ideas into categories (e.g., epistemic aim, epistemic (2011)
form).

Developmental Models. Early models of epistemic cognition reported in the literature can be classified as
developmental. A frequently cited example is Perry’s scheme of intellectual and ethical development (1970).
Through interviews with male college students, he proposed a developmental progression in which students initially
view knowledge as objective and unchanging and over time develop an understanding of knowledge as contextual
and tentative. Later scholars built upon Perry’s work and proposed similar developmental models. Based on her
work on reasoning in everyday life, Kuhn (1999) detailed three stages of epistemological development: absolutist,
multiplist, and evaluatist. The reflective judgement model developed by King and Kitchener (2004) describes
epistemic cognition for thinking about ill-structured problems and contains seven stages grouped into three broad
categories: pre-reflective, quasi-reflective, and reflective. Underlying these developmental models is the
assumption that different aspects of epistemology (such as the nature of knowledge and sources of knowledge) are
correlated and progress in tandem.! Furthermore, as a person’s epistemology develops, it becomes more
sophisticated or expert-like.

Dimensional Models. Later researchers questioned the assumption of correlation and proposed models in which
epistemology is characterized along separate, independent dimensions rather than a single developmental
sequence. For example, Schommer-Aikins proposed five dimensions: simple knowledge, certain knowledge, source
of knowledge, ability to learn, and quick learning (2004).2 In their 1997 review on personal epistemology research,
Hofer and Pintrich synthesized ideas from developmental and dimensional models and arrived at a model consisting
of four dimensions: simplicity of knowledge, certainty of knowledge, source of knowledge, and justification of
knowledge. Although the dimensional models detangle various aspects of epistemology, they still ascribe to the
assumption that epistemological beliefs lie on continuums of increasing sophistication.

Resources Model. More recently, Hammer and Elby rejected the idea that some epistemic ideas are inherently
more sophisticated than others (2002). In their proposed resources model, a person’s epistemology is constructed
in the moment from smaller-grained epistemological resources (Hammer & Elby, 2002). Activation of these
resources is dynamic and may change in a matter of seconds in response to cues from the environment. While
these epistemological resources can be grouped into categories, such as form of knowledge or stance toward
knowledge, the resources within a category do not exist on a sophistication continuum. Instead, Hammer and
colleagues argue that some epistemological resources may be productive (i.e., useful in progressing toward a goal)
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in one circumstance while a different set of epistemological resources may be productive in another. Thus,
epistemological sophistication, according to Elby and Hammer (2001), “consists of having resources to sort out the
complexity of knowledge in different contexts” rather than having “a global, decontextualized opinion about [an]
issue.” They point out that while most developmental and dimensional models consider constructing one’s own
knowledge more sophisticated than receiving knowledge from authority, there are times where this is not
necessarily true. For example, they argue that it is probably more worthwhile to accept the biologists’ claim than
cows have multiple stomachs rather than go out and dissect one yourself. Likewise, Muis et al. (2006), Chinn et al.
(2011), and Sandoval et al. (2016) have also argued for a context-dependent view of epistemic cognition.

Key Assumptions in Models of Epistemic Cognition

Developmental and dimensional models can be distinguished from the resources model of epistemic cognition by
attending to differences in a few key assumptions (Table 2). These assumptions manifest themselves in the way
data is collected and analyzed, as described in the following sections.

Table 2. Comparison of models of epistemic cognition with regards to hierarchy, stability, and explicitness

Model of Epistemology Hierarchy Stability Explicitness
Developmental hierarchical stable explicit?
Dimensional hierarchical stable explicit?
Resources variable utility unstable implicit

3 Not inherent to model but consistent with how most studies using this model have been conducted.

Hierarchy. Approaches to evaluating students’ epistemic ideas can vary significantly depending on the model of
epistemic cognition. Developmental and dimensional models organize epistemic beliefs in a hierarchical manner.
Research conducted according to these models typically seeks to assign students’ epistemic beliefs to levels or
stages and evaluate interventions designed to advance students toward more sophisticated or expert-like epistemic
beliefs. The resources model, on the other hand, contends that no epistemic idea is universally better than another.
Assumptions about hierarchy affect which claims can be reasonably made from analysis of a dataset. For example,
if one adopted a resources model of epistemic cognition, it would not make sense to make claims like: “after a 1-
week module on the nature of science, students’ post-test scores showed that their understandings of how
scientific knowledge is constructed grew more sophisticated”. Such claims rely on the assumption of a
developmental hierarchy to be sensible. Since there is no mention of context-dependence in this claim, it may also
imply that this hierarchy applies across all contexts. A study employing a resources model might instead focus on
understanding the interplay between contextual factors and students’ epistemic cognition.

Stability. A second point of difference between models concerns the stability of students’ epistemic cognition.
Researchers employing a developmental model typically treat a person’s epistemic beliefs as relatively stable over
long periods of time. Dimensional models also treat epistemic beliefs as having trait-like or theory-like
characteristics and thus assume they are relatively stable over time. This assumption is often borne out in the form
of the research question; for example, asking “Do students gain a more sophisticated understanding of how
scientific knowledge is constructed after a lesson on the nature of science?” implies that changes due to the
intervention are expected to be much larger than changes due to the dynamics of cognition. An assumption of
stability is also evident in the frequent collection of pre- and post-test data, often at the beginning and end of a
course. In contrast, resources models assume epistemic cognition is often unstable and can shift rapidly in response
to comments from a teacher or peer, for example. Importantly, resources models do not preclude epistemic
stability—if one finds a set of resources is frequently useful in a given context, they may consistently activate these
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resources in contexts that (implicitly) seem similar. Researchers employing a resources model thus tend to collect
data over short periods of time, such as one class period.

Assumptions of stability also manifest themselves in the implied generalizability or specificity of epistemic ideas.
Some researchers utilizing developmental or dimensional models expect epistemic beliefs to be stable across
contexts, as indicated by the domain-general descriptions employed (e.g., absolutists believe in one knowable
truth). They would expect students to answer the same way whether a survey is given in a science class, a math
class, or an English class. Others have limited their claims to a particular area of knowledge. In fact, Nature of
Science (NOS) research has emerged as a somewhat separate field of study (Lederman, 1992). Resources models
go even further, contending that researchers should not assume the same epistemological resources are activated
in all chemistry classes. Thus, studies that use a resources model typically focus on generating or expanding upon
theories rather than obtaining statistically generalizable results.

Explicitness. One additional assumption worth highlighting regarding the nature of epistemic cognition concerns
how it can be studied. A resources model of epistemic cognition regards activation of epistemological resources as
a largely subconscious process (Hammer & Elby, 2002). As such, evidence for students’ epistemic cognition is best
obtained by observing students’ behavior in the situation of interest (e.g., classroom interactions). Developmental
and dimensional models do not discuss whether epistemic cognition is tacit or not, but historically scholars ascribing
to these models have probed epistemic beliefs through surveys and interviews in which participants are asked
about their beliefs directly. It is assumed, often without strong or clear evidence, that the correlation between self-
reported epistemic beliefs and epistemic beliefs inferred from observed behavior is strong.

Social Epistemology

Historically, researchers sought to characterize an individual’s epistemic beliefs. Like the emergence of social
constructivism from constructivism, epistemology researchers began to emphasize in published research the role
others, such as the classroom community or society more broadly, play in shaping an individual’s epistemic
cognition. This has given rise to social epistemology, the study of how people collectively determine how knowledge
is created and evaluated (Schmitt, 2017). In the context of education, researchers draw upon social epistemology
to understand how classroom communities negotiate epistemic norms. Their emphasis is on the interactions
between individuals and between individuals and the wider cultural context in which their education takes place,
rather than on the individual’s thoughts and behaviors (Sandoval et al., 2016).

Research Questions

Our first goal in this review, intended primarily for researchers, is to describe how studies on undergraduate
students’ epistemic cognition have been conducted. We were guided by the following questions:

1) What student populations are the samples drawn from?

2) Does the study focus on the epistemic ideas of individual students or groups of students?
3) What methodologies and study designs have been employed?

4) What means of data collection have been used?

Our second goal is to discuss the models of epistemic cognition that explicitly or implicitly informed studies on
undergraduate chemistry students’ epistemic cognition. Since most articles did not report a model of epistemic
cognition, we attempted to infer the model by addressing the following questions:



oNOYTULT D WN =

Chemistry Education Research and Practice Page 6 of 32

1) Do chemistry education researchers characterize epistemic ideas as hierarchical in nature or as varying in
utility depending on context?

2) Is epistemic cognition assumed to be stable over time and/or across contexts?

3) Did researchers infer students’ epistemic ideas from explicit statements about knowledge and knowing or
from observations of behavior or interpretation of students’ statements?

We intentionally do not summarize the findings of the studies, largely, because there was so much variation in what
it meant to study epistemic cognition. It is difficult to compare, for example, a study that characterized the class
consensus on appropriate justifications for arguments with a study that documented changes in individual students’
Likert-scale responses to items describing the simplicity of knowledge. Without more consensus regarding the
nature of epistemic cognition and how it should be studied and measured, it seems unproductive, and in some
cases impossible, to synthesize results across studies.

Methods
Selection of Articles

For this review, we chose to focus on undergraduate chemistry students’ epistemic cognition. Therefore, we started
by collecting articles published in the chemistry education journals Journal of Chemical Education and Chemistry
Education Research and Practice. We then expanded our search to more general science education journals: Journal
of Research in Science and Teaching, Science Education, and International Journal of Science Education. Finally, we
searched the ERIC and Taylor & Francis databases.

We used several search terms to find articles that studied epistemology in the context of chemistry courses. We
used the search term “epistem*” to find articles containing words related to epistemology, such as “epistemic” and

IM

“epistemological.” We also searched “nature of science,” as this research often looks at how people perceive
scientific knowledge and how that knowledge is obtained. We also used the more general search term “belief”
because we anticipated that many articles would describe students’ beliefs concerning chemistry knowledge and

knowing without using the term “epistemic” or “epistemological” to describe these beliefs.

Since some of these searches yielded a large number of hits, we applied a few filters to narrow down the number
of results. We decided to limit the scope of this review to papers published between 2000 and 2022. For journals
or databases that included multiple types of publications, we restricted the search results to research articles (as
opposed to publications describing activities, for example). For the science education journals and databases,
“chemistry” was also entered as a search term. The ERIC database also contained the option to restrict results to
those tagged as “Higher Education,” which was helpful in eliminating articles focused on K-12 education. Similarly,
we used the tag “Education” to narrow the scope of results obtained by searching the Taylor & Francis database.

x ” u

With these filters in place, the initial searches for “epistem*,” “nature of science,” and “belief” yielded 693 unique
articles. From here, we screened the articles manually through the iterative process shown in Figure 1. Since the
scope of this review is limited to undergraduate students’ epistemologies, articles that collected data from K-12
students, graduate students, and teachers or faculty were removed. The first author then performed a keyword

n u

search on each article using the terms “epistem,” “nature of science,” and “belief” to determine whether these
were the focus of the article or simply mentioned them in passing. For many of the articles, these terms were only
found in the titles of referenced articles or mentioned in passing. For example, several articles utilized the resources
theoretical framework, which encompasses both conceptual and epistemic resources; if the article then went on

to characterize only conceptual resources, it was not included in this review.
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B Phase 1: Initial search

= Search terms: epistem*, “nature of science”, belief*

= Journals/databases: JCE, CERP, JRST, Sci Ed, Int J Sci Ed,
Taylor & Francis, ERIC

- Filters: research articles, 2000—2022, chemistry education

B First Pass: Quick skim
- Excluded studies on faculty/instructors and students at the

primary, secondary, or graduate education levels
= Excluded studies that did not characterize epistemology

N =163

Second Pass: Scope refinement

=  Excluded studies on pre-service teachers’ epistemologies for
teaching chemistry rather than learning chemistry
=  Excluded studies that did not characterize epistemology

N =127

Y I Third Pass: Closer read
= Excluded studies that did not characterize epistemology

N=89

Y B Fourth Pass: Detailed read while coding
=  Excluded studies that did not characterize epistemology

N =54 = Excluded studies that primarily focused on instrument
development

Figure 1. Article selection process. 2 Because epistemic cognition was often intertwined with other aspects of learning (e.g.,
conceptual learning, affective outcomes), we continuously refined our inclusion criteria, resulting in an iterative selection
process. See Supporting Information for more details.

Following the initial screen of search results, 163 articles remained. The first author skimmed through these to
determine if the studies sought to characterize or measure students’ epistemologies. Another 36 articles were
removed during this phase, resulting in 127 articles. From here, the first author read through each article in full to
determine if it met the criteria described above and reduced the sample down to 85 articles. From there, we started
to code the articles, and during this process, we eliminated an additional 31 articles. Some were eliminated because,
upon a closer read, they did not focus on characterizing students’ epistemic cognition. A few others were eliminated
due to a primary focus on instrument development. The total number of articles included in the analysis for this
review is 54. A complete list can be found in the Supporting Information.

Analysis of Articles—Descriptive Codes

The first part of the analysis involved coding for who was being studied and how they were being studied. Five
categories of codes were developed: study population, unit of analysis, methodology, study design, and data
collection. The codes within each category are summarized in Table 3 and described in more detail below.
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Table 3. List of codes used to describe methodological aspects of the studies.

Code Description
Sample
Intro chem Study participants were recruited from a first-year chemistry, introductory chemistry,

Intro chem lab

OChem

OChem lab

PChem

Non-course specific

Chem for pre-service

teachers

Unit of Analysis

Individual

Group

Individual and group
Methodology

Qualitative

Quantitative

Mixed methods

Study Design

Exploratory

Quasi-experimental

or general chemistry course for majors or non-majors.

Study participants were recruited from a first-year chemistry, introductory chemistry,
or general chemistry laboratory course for majors or non-majors.

Study participants were recruited from an organic chemistry course for majors or
non-majors.

Study participants were recruited from an organic chemistry laboratory course for
majors or non-majors.

Study participants were recruited from a physical chemistry course or physical
chemistry laboratory course.

Study participants were recruited from multiple chemistry courses or were studied
as they progressed through multiple chemistry courses.

Study participants were recruited from chemistry or science classes designed for pre-
service teachers.

Data was collected on individual students.

Data was collected on groups of students, ranging from pairs of students to whole
classes.

Data was collected on both individuals and groups.

Non-numerical data, such as words or images, was collected and analyzed for
themes, patterns, or features relevant to the research question.

Numeric data was collected and analyzed via statistical methods to determine
relationships among variables.

A combination of numerical and non-numerical data was collected and analyzed
using both quantitative and qualitative techniques.

A phenomenon was explored on a small sample with no comparison groups or
treatments administered.

The impact of an intervention was assessed by:

e comparing data collected before and after implementation of the
intervention on a treatment group;

Page 8 of 32
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e evaluating data collected after implementation of the intervention on a
treatment group;

e Comparing data collected on two or more treatment groups before and after
implementation of an intervention;

e Comparing data collected on two or more treatment groups after
implementation of an intervention.

Longitudinal Data was collected at three or more timepoints over a period of time (semester or
longer) to understand and/or measure how an outcome variable changes.

Correlational The quantitative relationship between two or more variables was determined.
Data Collection Method

Interview Researchers met with students and asked students to respond to questions orally or
complete tasks. Interviews could be conducted with individual students or groups of
students.

Open-ended survey  Students were asked to respond to a written or electronic set of questions using their
own words.

Written artifact Written (or electronic) work that students created as part of their regular
coursework. These included laboratory reports, essays, worksheets, and exams.

Classroom recording Video and/or audio recordings of the whole class or small groups of students,
typically used to collect classroom dialogue.

Selected-response Students were asked to respond to a written or electronic set of questions and/or
survey statements by selecting the response that best aligns with their thoughts.

Sample. A simple coding scheme was developed to summarize the different subsets of undergraduate chemistry
students represented in these studies. The code Intro chem describes courses labeled as general, introductory, or
first-year chemistry and encompasses variations for chemistry majors, STEM majors, and non-majors. A separate
code, Intro chem lab, is used for general or introductory chemistry laboratory courses. The codes OChem and
OChem lab describe the organic chemistry lecture and laboratory courses, respectively, that students typically take
during their second year of college or university. A few studies recruited students from an upper-level physical
chemistry lecture or lab course; these were labeled PChem. No other upper-level chemistry courses were
represented in our sample. The code Undergrad chem was applied to studies that recruited students from across
different chemistry courses. Finally, the code Chem for pre-service teachers was assigned to studies that sampled
students from chemistry classes designed for pre-service teachers.

Unit of Analysis. The unit of analysis code was implemented to distinguish studies on personal epistemology from
those on social epistemology. Studies that collected data on each student, consistent with personal epistemology
research, were coded as Individual. Studies that collected data on groups of students, consistent with social
epistemology research, were coded as Group. A third code, Individual and Group, was included to describe studies
that collected data from both individuals and groups of students.

Methodology. The articles included in this study were also characterized according to their methodologies and
study designs. Methodology was described as Qualitative, Quantitative, and Mixed methods. Qualitative studies
collect non-numerical data, such as classroom dialogue, that are analyzed by looking for themes, patterns, or other
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features relevant to the research question (Johnson & Christensen, 2020). Quantitative studies collect numerical
data, such as exam scores, that are analyzed via statistical methods (Johnson & Christensen, 2020). Mixed methods
studies utilize both types of data and analyses (Johnson & Christensen, 2020).

Study Design. As these methodology categories are quite broad, more specific codes for study designs were
employed. Exploratory studies were defined as those that collected data from a single group, absent a treatment,
with the goal of understanding some aspect of students’ epistemic cognition. Quasi-experimental studies (Campbell
& Stanley, 1963), on the other hand, seek to determine the effects of a treatment on students’ epistemic cognition.
We chose not to distinguish between studies that involved a single treatment group versus those that included a
control group or multiple treatment groups, nor did we separate studies that used a pre- and post-tests from those
that used only post-tests. We reasoned that all of these studies were united by a common goal-assessing the impact
of some curricular and/or pedagogical change and the particulars of how they did so were not crucial to this review.
Longitudinal studies focus primarily on understanding or documenting change over time. White and Arzi (2005)
define a longitudinal study as “one in which two or more measures or observations of a comparable form are made
of the same individuals or entities over a period of at least a year.” We modified their criteria slightly when coding.
We required that a study collect data at more than two timepoints to distinguish longitudinal studies from the many
studies that used pre- and post-tests but were focused on the impact of an intervention rather than the dynamics
of epistemic cognition. We also lowered the duration to a semester given that most undergraduate courses operate
over a semester rather than a year. Finally, Correlational studies sought to demonstrate a quantitative relationship,
or lack thereof, between two or more variables, at least one of which was epistemic.

Data Collection. We expanded upon the codes used by Rodriguez et al. (2020) when describing the different ways
in which data on students’ epistemic cognition was collected. Interviews consist of verbal responses to questions
posed by the interviewer. This code included interviews conducted with individuals, pairs of students, and focus
groups as well as various types of interviews, such as think-aloud (Charters, 2003), stimulated-recall (Dempsey,
2010), and task-based, cognitive clinical interviews (Ginsburg, 1997, Russ et al., 2012). Open-ended surveys included
any written or electronic form in which students responded to questions in their own words. Selected-response
surveys asked students to select a response from a given list. The code Written artifacts pertains to any work
students submitted as part of the course, such as exams or laboratory reports. Finally, Classroom recording
describes any audio and/or video recordings of the whole class or small groups of students. Because each study can
collect data via multiple avenues, a single study could receive multiple data collection codes.

Analysis—Model of Cognition Codes

Part two of the analysis focused on characterizing each article’s treatment of epistemic cognition in terms of
hierarchy, stability, and explicitness. Codes belonging to each category are shown in Table 4 and described in detail
below. When assigning codes, all sections in an article were considered, but the sections that described data
collection and data analysis proved especially useful.
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Table 4. List of codes used to describe the assumptions about the nature of epistemic cognition.

Code Description

Hierarchy
Hierarchical Certain epistemicideas are considered more sophisticated, expert-like, or desirable than others.

Variable Context determines the value of epistemic ideas.
utility

Ambiguous No indication of value or conflicting statements concerning the relative values of epistemic

ideas.
Stability
Stable Epistemic cognition is treated as stable across contexts and/or relatively long periods of time
(e.g., semester, year).
Unstable Epistemic cognition is treated as unstable across context and/or time (on the scale of minutes).
Unclear No indication as to whether epistemic cognition is considered stable or unstable across context
and/or time.
Explicitness
Explicit Participants are asked to respond to statements/questions in which they would need to be
consciously aware of their own epistemic ideas.
Implicit Epistemic ideas are inferred from participants’ responses and/or behavior.
Both Data is collected in multiple ways, some of which require participants’ awareness and some of

which are inferred.

Hierarchy. The first category of codes concerns the hierarchical nature of epistemologies. Some articles
characterized students’ responses according to varying levels of sophistication in which some epistemologies were
deemed better or more desirable than others. These articles were given the code Hierarchical. Typically, the most
sophisticated descriptor was applied to responses that aligned with those an expert chemist or scientist gave. For
example, when developing the Colorado Learning Attitudes about Science Survey for chemistry, Adams et al. (2008)
administered the survey to chemistry faculty in order to define the expert response for each survey item. Student
responses were then scored in terms of how closely they matched the expert responses. In other studies, the
relative rank of descriptors seems to have been determined according to the authors’ judgement. Other articles
described epistemologies as more or less useful based on the particular circumstance rather than being universally
better or worse; these were coded as Variable utility. Viewing epistemologies as of variable utility does not preclude
situated hierarchies. In a given context, one may find some ways of knowing and learning more useful than others
in advancing a particular aim. For example, one may find accumulating information from public health authorities
more useful than building a model of disease spread from experience if one is trying to figure out whether to wear
a mask to the supermarket. Variable utility does not mean all epistemologies are equally useful across all contexts.
Finally, the code Ambiguous was used for articles that did not discuss the value of particular epistemologies or
contained contradictory statements regarding value. For example, an article could invoke a resources model in the
theoretical framework section but report a hierarchical coding scheme in the analysis.
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Stability. The Stability category of codes was developed to describe how dynamic epistemic cognition was assumed
to be, especially as it related to the timescale of each study. The code Stable was used for studies that seemed to
view epistemic beliefs as relatively unchanging over long periods of time or in the absence of an intervention (Table
3). None of the articles included in our study directly stated an assumption of stability; rather, we inferred this from
the methods used. Many of these studies utilized a pre-post design in which pre- and post-measures were spaced
days, weeks, or months apart. Study designs of this sort, we argue, suggest that researchers expected any changes
to occur over a long time period (typically a semester). If they anticipated epistemic cognition was dynamic and
subject to change over the course of a single class period, they would likely collect data more frequently to
distinguish signal from noise.

Views on stability (whether implicit or explicit) could also be inferred from how authors treat the influence of
context on epistemic cognition. If the authors described shifts in epistemic ideas in response to different prompts
or comments from peers, the articles were coded as Unstable. Finally, if a study made no mention of how stable or
unstable they considered epistemologies to be across time and context, it was coded as Unclear. In a few cases,
epistemic cognition was treated as stable over time but unstable across contexts; these were also coded as Unclear.

Explicitness. The third category of codes, Explicitness, was used to describe how data on epistemic cognition was
obtained and interpreted. Some methods asked the participants to respond to direct questions about their
epistemic ideas, which required them to consciously consider their own epistemic beliefs. The prompts often took
the form of declarative statements, such as “Knowledge is obtained from authority,” which requires little
interpretation on the part of the researcher. Other studies collected data in the form of written artifacts or
classroom recordings, from which the researchers needed to infer epistemic cognition indirectly. Although the
amount of inference required to make a claim about students’ epistemic ideas varies considerably, for the sake of
simplicity, each type of data was simply coded as Explicit or Implicit based on how it was collected and analyzed.
Since some articles utilized multiple data strands, the code Both was applied if both explicit and implicit methods
of data collection and analysis were used.

Inferred Model of Cognition. By considering the Hierarchy, Stability, and Explicitness codes together, we were able
to distinguish studies consistent with a developmental or dimensional model from those that were consistent with
a resources model. When assigning a model to each study, we required all three codes to be consistent with that
model. In addition, we tentatively assigned models to studies whose codes were mostly aligned with that model.
For studies in which two codes were consistent with a single model and one was not associated with any model
(i.e., Ambiguous, Unclear, or Both), we tentatively assigned the model based on the two matching codes. For
example, a study coded as Ambiguous, Unstable, and Implicit was determined to be mostly aligned with a resources
model. Studies that were coded as Hierarchical, Stable, and Implicit were considered mostly aligned with a
developmental or dimensional model, since the association of these models with the Explicit code was based on
literature trends rather than descriptions of the models themselves. For the remaining studies that did not fall into
any of the categories described above, we were unable to assign a model as we did not have enough evidence or
had contradictory evidence.

Establishing Trustworthiness. Initial coding was carried out by both authors. They individually coded ten articles at
a time and then met to compare codes, resolve any discrepancies, and clarify the codebook. This was repeated
three times. Subsequently, the first author read each article multiple times over the data analysis period,
highlighting and annotating the parts of the text that provided evidence for each code assignment. The second
author was brought in to discuss any codes the first author was unsure of.
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There is no agreed upon method for establishing trustworthiness in qualitative research (Rolfe, 2006). We chose to
establish trustworthiness primarily by recording a detailed decision trail, as recommended by Noble and Smith
(2015). This was especially helpful for distinguishing codes based on the presence of evidence (hierarchical, variable
utility, stable, unstable, explicit, implicit, both) from those based on lack of evidence (ambiguous, unclear). We
chose not to report inter-rater agreement statistics because reaching an acceptable level of inter-rater agreement
typically involves several rounds of code refinement on new subsets of data, which was impractical with our limited
data set. Furthermore, this is consistent with several other chemistry education review articles (e.g., Flaherty, 2020;
Hunter et al., 2022; Bain et al., 2014). The full coded data set with researcher notes may be found in the Supporting
Information.

Findings
Part One

In the first part of our analysis, we sought to describe who was being studied and how they were studied in
chemistry education epistemology research. We will report our findings for each category of codes and describe
examples of each.

The majority of studies focused on students in first-year chemistry courses and pre-service teachers.

Figure 2 displays the distribution of Sample codes, which describe the chemistry courses from which study
participants were drawn. First-year chemistry students were the most studied population among the studies
included in this review. Twenty studies sampled students from lecture courses while seven sampled students from
the lab component specifically. There was some variation as to the students who were taking these first-year
chemistry classes. Some were courses designed for non-majors, some were designed for STEM majors, and others
were open to all majors. Pre-service teachers enrolled in chemistry or science courses for pre-service teachers were
the second-most common group studied (N = 7). Four studies recruited students who were studying to become
chemistry teachers specifically (Venessa et al., 2019; Aglarci et al., 2016; Celik, 2020; Sendur et al., 2017). The other
three studies sampled pre-service elementary (or primary) school teachers enrolled in chemistry or science courses
specifically designed for them (Crujeiras-Pérez & Brocos, 2021; McDonald, 2010; Calik & Cobern, 2017). Several
studies recruited participants from organic chemistry lecture (N = 6) or laboratory (N = 3) courses. Just three studies
involved students from upper-level chemistry courses; interestingly, these were all physical chemistry lecture or
laboratory courses. Other studies sought to understand chemistry students’ epistemic cognition outside of the
context of a specific class and recruited students from all levels of chemistry (e.g., Sevian & Coutre, 2018; Li et al.,
2013) or compared students enrolled in introductory and organic chemistry courses (e.g., Hofer, 2004; Mazzarone
& Grove, 2013).
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Figure 2. Distribution of Sample codes.

The reasons offered for choosing a particular course to study varied. For studies focused on assessing the impact
of an intervention (see below), course selection depending on where the intervention was being implemented.
Sometimes these interventions were initiated by an individual instructor; other times they were part of a larger
department initiative (e.g., Chopra et al., 2017). Some studies on pre-service teachers’ epistemic cognition were in
part motivated by the role of teachers in shaping students’ perspectives on chemistry and science more broadly.
As Aglarci et al. (2016) argue, “science education programs and teachers play a key role in [improving citizens’
images of science], as they are mostly responsible for educating people.”

Most studies examined personal epistemology rather than social epistemology.

As shown in Figure 3, most studies (N = 38, 72%) collected data from individual students. Individuals responded to
surveys, participated in interviews, or wrote their own lab reports or essays. These were used to make inferences
about the individual’s epistemic cognition. Ten studies characterized aspects of epistemology that belonged to a
group of students (Fig. 3). These tended to be studies that focused on group dialogue, especially argumentation.
Six studies collected data on individuals as well as groups of students (Fig. 3). For example, Walker et al. (2019)
studied argumentation and included in-person argumentation (group dialogue) as well as written arguments
(individual lab reports). These results demonstrate that the interplay between students, instructors, and the
cultural context in which learning occurs is understudied in chemistry education research on epistemology and may
be a productive avenue for future research.
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Figure 3. Distribution of Unit of study codes.
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Exploratory qualitative studies are the most common types of studies on students’ epistemic cognition.

Nearly half (N = 24) of the studies surveyed were classified as exploratory (Fig. 4). Twenty of these were qualitative
while the remaining four used a mixed methods approach. The targets of exploration varied considerably. Some
focused on specific aspects of epistemic cognition such as students’ epistemic stances when evaluating models
(Kelly et al., 2021) or what students considered acceptable justifications for their knowledge products (Crujeiras-
Pérez & Brocos, 2021; Becker et al., 2013). Others characterized epistemic cognition more broadly by attending to
students’ perspectives on the nature of science (e.g., Agustian, 2020, Venessa et al., 2019).
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Figure 4. Distribution of Study Design codes, separated by Methodology code. Blue corresponds to Qualitative studies, yellow
corresponds to Quantitative studies, and green corresponds to Mixed methods studies.

A large portion (N = 19) of studies were carried out to assess the impact of a curricular or pedagogical intervention
(Fig. 4). Ten of these were qualitative, eight were mixed methods, and one was quantitative. Interventions included
using explicit approaches to teaching nature of science (e.g., Celik, 2020), incorporating inquiry-based laboratory
experiments (e.g., Russell & Weaver, 2021), and implementing a new curriculum (e.g., Bowen et al., 2022). Most
used a pre-post design in which data was collected from students before and after the intervention. Some of these
involved a control group and a treatment group while some only had a treatment group. A few studies only collected
data after the intervention.

Five longitudinal studies were present in the sample (Fig. 4). Three were qualitative, and two were mixed methods.
Two of these sought to understand how students’ understanding of argumentation, including epistemic aspects,
changed as the students participated in an argument-driven inquiry general chemistry laboratory course (Hosbein
et al.,, 2021; Walker & Sampson, 2013). The remaining three examined students’ epistemic cognition more
generally, either over two semesters of organic chemistry (Grove & Bretz, 2010; Grove & Bretz, 2012) or over the
general chemistry and organic chemistry sequence (Mazzarone & Grove, 2013).

Correlational studies made up the remaining five studies (Fig. 4). In some, the epistemic variable was general. For
example, Lee et al. (2022) looked at the relationships among epistemic beliefs, engagement in a flipped chemistry
class, and learning outcomes. Other studies examined epistemic variables grounded in chemistry. Li et al. (2013)
compared students’ conceptions of learning chemistry to their approaches to learning chemistry and found some
correlation. Aguirre-Mendez et al. (2020), measured the relationship between argumentation quality and gains in
chemistry content knowledge. All of the correlational studies were quantitative or mixed methods.
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Data on students’ epistemic cognition was collected through a variety of methods.

No clear preferences for one method of data collection over others were found in the reviewed articles, as shown
in Figure 5. Interviews (N = 25) and open-ended surveys (N = 21) were the most common approaches to eliciting
data on epistemic cognition. Written artifacts (N = 14) and classroom recordings (N = 13) were slightly less common,
although both were still used in over a quarter of the studies. Selected-response surveys (N = 6) were the least
common means of data collection. Thirty-four studies relied on a single method of data collection while 19 elicited
data using more than one method. Written artifacts were mostly used in combination with other data sources while
selected-response surveys tended to be used alone. Interviews, open-ended surveys, and classroom recordings
were used approximately evenly as the sole data source or in tandem with other sources. Given the complex nature
of epistemic cognition, considering the pros and cons of what each data source can offer seems prudent when
designing a study.
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Figure 5. Methods of data collection. The total number exceeds the number of articles because some studies collected
multiple types of data.

Part Two

In the second phase of our analysis, we coded for assumptions about the hierarchy and stability of epistemic ideas
as well as the extent to which epistemic ideas asked for directly during data collection or inferred during data
analysis. We will report our findings for each category of codes and describe examples of each.

Most studies characterized students’ epistemologies in a hierarchical manner.

The vast majority of articles (N = 39, 72%) interpreted students’ epistemologies using non-contextualized
hierarchical coding schemes (Fig. 6). The Views on the Nature of Science (VNOS) instrument (Lederman et al., 2002)
used in nine of the studies interprets responses as naive or informed (or somewhere in between, depending on the
particular study). Other studies employed Likert scale survey items in which higher (or sometimes lower) scores
were indicative of more expert-like responses. For example, Shultz and Gere (2015) asked general chemistry
students to respond to the question, “When two different theories arise to explain the same phenomenon, what
should scientists do?” The students were given several responses to this question which they were asked to rate
on a five-point Likert scale from strongly disagree to strongly agree. Students who strongly agree with the
statement, “Scientists should not accept any theory before distinguishing which is best through the scientific
method because there is only one truth about phenomenon” were classified as having naive views on the nature
of science as it relates to the certainty of knowledge. Conversely, students who strongly disagreed with the
statement were characterized as having sophisticated views related to certainty of knowledge.
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Figure 6. Distribution of hierarchy codes. Hierarchical (blue) aligns with a developmental or dimensional model. Variable utility
(green) aligns with a resources model.

Far fewer studies (N =7, 13%) explicitly stated that different epistemologies were useful in different circumstances.
Three of these invoked a resources model of epistemic cognition as part of their theoretical frameworks. For
example, Rodriguez et al. (2020) used the framework of epistemic games to analyze how students solve kinetics
problems during think-aloud interviews. In their discussion of the results, the authors state, “Thus, specific
epistemic games are not problematic on their own, but issues arise when students have difficulty switching
between games.” One epistemic game is not inherently better than another, but one might be more appropriate
for a specific use or type of problem than another. This attention to context and the productive use of knowledge
results in quite different implications for teaching. Instead of channeling students toward a single epistemic belief
or set of beliefs, the emphasis is on helping students recognize which are appropriate for the problem at hand.

A particularly interesting example of a study coded as Variable utility was offered by Becker et al. (2013). They
explored sociochemical norms for reasoning in a physical chemistry course and found that the class tended to value
particulate-level explanations for thermodynamic properties of chemical systems. Despite describing what counted
as “good” justifications, this study was coded as Variable utility because the participants, rather than the
researchers, established what was considered appropriate and inappropriate evidence. Furthermore, what counted
as a “good” justification varied somewhat; for some arguments, acceptable justifications were based on
mathematical reasoning. Thus, this study demonstrates how epistemic ideas can be evaluated in context and
reports on how the classroom community itself, rather than the researchers, characterize their own knowledge.

Interestingly, all of the studies coded as Variable utility were qualitative, and most focused on a single episode of
problem-solving, either in a classroom or interview setting. While it is difficult to imagine a quantitative study that
would be coded as Variable utility, a mixed methods study could in principle be useful for synthesizing these
individual moments over the course of a semester or comparing across classes.

There were also some studies (N = 8, 15%) in which no judgements were made regarding the value of the epistemic
ideas elicited. For example, Talanquer (2010) categorized students’ explanations in terms of their structures as non-
causal, macrocausal (additive or interactive), and microcausal (additive or static). It was unclear, however, whether
particular types of explanation structures were more desirable than others.

An approximately equal number of studies treated epistemology as stable versus unstable.

Stability was the second feature we looked for to aid in inferring the model of epistemic cognition for each paper.
We found less evidence on which to make claims about stability than we found for hierarchy, resulting in 16 (30%)
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coded as Unclear (Fig. 7). Of the remaining studies, 19 (35%) were coded as Stable and 19 (35%) were coded as
Unstable (Fig. 7).
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Figure 7. Distribution of Stability codes. Stable (blue) aligns with a developmental or dimensional model. Unstable (green)
aligns with a resources model.

Studies that utilized a pre-/post-test design made up the majority in the Stable category. Often these kinds of study
designs, which were common in our data set, are used to evaluate the effect(s) of an intervention. Examples of
interventions related to epistemology or the nature of science include implementation of direct instruction on
history of science or nature of science (e.g., Aglarci et al., 2016), participation in argument-driven inquiry labs (e.g.,
Hosbein et al., 2021), and metacognitive interventions (e.g., Saribas et al., 2013).

In the Unstable category, instability was often connected to the context sensitivity observed. For example, Lazenby
et al. (2020) conducted a study on students’ epistemic criteria for scientific models and found that “although
students’ conceptual resources are potentially productive, they are highly sensitive to context, as evidenced by the
variation in themes across domain-general and chemistry-specific tasks.” They noticed that students invoked
different criteria depending on the type of model they were thinking about in that moment.

Studies that were coded as Unclear are somewhat difficult to describe as this code was largely based on the absence
of evidence rather than the presence of certain features. Typically, these studies involved data collection at a single
timepoint and did not discuss how context may have influenced the data. A few studies that were coded as Unclear
described epistemic cognition as stable over time but unstable across contexts. For example, McDonald (2010) used
a pre-/post-test experimental design to explore students’ views on the nature of science, implying stability over
time. However, she observed that asking about nature of science in the context of socioscientific versus scientific
contexts elicited different responses from some participants. She interpreted this discrepancy as evidence that
students possess multiple epistemologies, some general and some specific to science, implying instability across
contexts.

Data on students’ epistemologies was collected using an approximately equal number of explicit and implicit probes.

Finally, we examined how evidence of students’ epistemologies was elicited to provide insight into the model of
cognition used. We asked ourselves, when reading about the method of data collection, “Would a student have to
think consciously about their own epistemology to provide this data?” If the answer was yes, we coded it as Explicit
and if the answer was no, we coded it as Implicit. In doing so, it was helpful to consider the manner in which data
was collected. Therefore, we present the results accordingly.
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Approximately half of the studies included in our sample collected data using only explicit probes (N = 25, 46%).
Most studies that collected data by administering surveys were coded as Explicit (Fig. 8). Many selected-response
surveys, like the CHEMX survey used by Mazzarone & Grove (2013), asked students the extent to which they agreed
with statements like “Knowledge in chemistry consists of many pieces of information, each of which applies
primarily to a specific situation.” Other selected-response surveys asked students to choose the option that most
closely aligned with their views. For example, Venessa et al. (2019) used a mostly multiple-choice survey to ask
students about purpose of science, the nature of scientific knowledge, and the relationship between science and
technology.
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Figure 8. Distribution of Explicitness codes. Explicit (blue) aligns with a developmental or dimensional model. Implicit (green)
aligns with a resources model.

Explicit items were often found on open-ended surveys and in interview protocols as well. The VNOS survey was
used in nine different studies and contained explicit questions like, “What, in your view, is science? What makes
science (or scientific discipline such as physics, biology, etc.) different from other disciplines of inquiry (e.g., religion,
philosophy)?” Similar kinds of questions were asked in interviews. For example, Havdala & Ashkenazi (2007) asked
guestions like “How would you define science?” and “Is there any way to find objectivity or certainty in science?”
in their interviews with students enrolled in a general chemistry laboratory course. Like the selected-response
surveys, these questions require a person to consciously consider the ways in which they think about and/or use
knowledge.

Twenty-four studies (44%) were coded as Implicit (Fig. 8). These studies largely collected data in the form of written
artifacts or classroom recordings. Written artifacts included reflective essays (e.g., Grove & Bretz, 2012),
argumentative writing assignments (e.g., Moon et al., 2019), and lab reports (e.g., Petritis et al., 2021). Classroom
recordings typically captured student dialogue as they engaged in problem-solving (e.g., Wickman, 2004) and/or
argumentation (e.g., Walker et al., 2019). These sources of data typically provided information about the structure
of knowledge or justifications for knowledge. Scientific arguments, written or verbal, were commonly analyzed for
the presence of and relationships between claims, evidence, and reasoning, originally derived from Toulmin’s
model of an argument (1958).

The Implicit code was also applied to some studies that used open-ended surveys and interviews. These typically
contained questions that asked students to reflect on their experiences in class or engage in problem-solving. For
example, one of the questions Bowen et al. (2022) asked students was “What would you tell [a student thinking
about enrolling in organic chemistry] is the most difficult thing about organic chemistry?” Some of the responses
to this question were epistemic in nature and revealed challenges related to obtaining or using knowledge. Kelly et
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al. (2021) conducted interviews in which they first asked students to watch a video on precipitation reactions, then
think aloud as they completed a card sort and modeling task to describe the mechanism of precipitation, and finally
critique three mechanistic animations for their scientific accuracy. From these interviews, Kelly et al. inferred
students’ epistemic activities, such as comparing and modeling, and their epistemic stances, such as doubting or
puzzlement.

Twenty-one studies collected multiple strands of data, but only five studies (9%) used a combination of explicit and
implicit methods of data collection and received the code Both (Fig. 8). For example, McDonald (2010) surveyed
students about their views on the nature of science using the VNOS (Explicit) but also looked at students’ written
and verbal scientific arguments surrounding scientific issues (Implicit). Grooms (2020) also combined students’
written scientific arguments (/Implicit) with a survey that asked students explicitly about their epistemic ideas
related to argumentation (e.g., What is evidence?).

A model of epistemic cognition can be inferred for some studies.

As mentioned previously, most researchers did not frame their studies through the lens of a particular model of
epistemic cognition. By considering the set of codes each study received, we acquired some evidence for what
model was tacitly informing each study. Figure 9 depicts the relative number of co-occurrences for each coding
combination to help visualize the relationships between codes.

. Resources Unknown
. Developmental or Dimensional

Figure 9. Chord Diagram depicting connections between codes. The width of each link is proportional to the number of studies
that received the two codes connected by the link. Blue codes align with a developmental or dimensional model. Green codes
align with a resources model. Yellow codes do not align with any model.

Developmental and dimensional models were characterized by Hierarchical, Stable, and Explicit codes (Fig. 8).
Fifteen studies received these codes, completely aligning with a developmental or dimensional model. An additional
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eight mostly aligned with these models. Three were coded as Hierarchical, Stable, and Implicit or Both, and five
were coded as Hierarchical, Unclear, and Explicit. In total, 23 studies seemed to be informed by a developmental
or dimensional model (Fig. 9).
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Figure 10. Models of epistemic cognition assigned based on Hierarchy, Stability, and Explicitness Codes. Solid bars represent
articles that align with a model in all three codes. Striped bars represent articles that align with a model based on their Hierarchy
and Stability codes.

The resources model asserts that epistemic cognition is context-dependent, dynamic, and largely implicit. Thus, an
article using a resources model to frame the study should receive codes of Variable utility, Unstable, and Implicit
(Fig. 9). Three of the seven studies that reported a resources model were assigned these codes. Of the remaining
four studies, two were coded as Ambiguous, Unstable, and Explicit; one was coded as Ambiguous, Unstable, and
Both; and one was coded as Hierarchical, Unstable, and Explicit. Four studies that did not report using a model of
epistemic cognition received the codes aligned with a resources model (i.e., Variable utility, Unstable, Implicit). An
additional three studies were coded as Ambiguous, Unstable, and Implicit, mostly aligning with a resources model.
In total, seven studies aligned completely with a resources model and three studies mostly aligned (Fig. 10).

The remaining 26 studies received coding combinations that did not clearly align with any model of epistemic
cognition. Fifteen of these studies were coded as Hierarchical and Unclear with regards to stability. These were split
approximately evenly between Explicit and Implicit codes. Six studies were coded as Hierarchical and Unstable. The
remaining studies were either coded as Ambiguous and Unclear (N = 1), Ambiguous and Stable (N = 1), or Ambiguous
and Unstable (N = 3). In total, a lack of evidence prevents us from inferring a model of cognition for nearly half of
studies on student epistemologies in undergraduate chemistry education research published between 2000 and
2022.

Discussion and Implications

Some of the findings reported above are unsurprising. For example, our field tends to study the epistemic cognition
of individual students enrolled in introductory chemistry classes within the confines of an academic semester. We
suspect this tendency reflects some combination of access to student populations, project timelines, and
educational traditions that focus on individual (vs. community) learning. However, just because these sorts of
studies have been done in the past does not mean that they represent the only, or best, way to approach exploring
epistemic cognition. One might persuasively argue for the importance of longitudinal studies of community
epistemic cognition — after all, people reason about scientific questions as members of their social and cultural
groups and with other members of those groups across many contexts (Feinstein & Waddington, 2020). Such
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studies would of course require sustained funding and diverse expertise (e.g., science education, science and
technology studies).

Regardless of the sample and duration of epistemology-focused studies, researchers will be faced with the choice
of collecting data that requires conscious articulation/selection of epistemic ideas or observing behavior to infer
the epistemic cognition underlying that behavior. The roughly equal distribution of Explicit and Implicit codes in our
data suggests that researchers see advantages and disadvantages to both approaches. Explicit survey or interview
guestions provide information about the participants’ perceptions of their own epistemic cognition. Data analysis
is also relatively straightforward; it requires little interpretation of participants’ responses. This allows researchers
to collect data on large numbers of students and perform statistical analyses. Sandoval & Cam (2011) argue,
however, that students may experience the context of an interview or survey as substantially different from the
context of behaviors researchers are interested in. As such, ideas about knowing and learning activated when
responding to a survey or interview question may not map onto epistemologies that underlie behavior in class or
in life. This makes it difficult to make reasonable claims about student behavior or suggest classroom interventions
based on survey response data alone.

Implicit measurements inherently require the researcher to make more inferences. Rarely does a student say
something like, “My epistemic aim at this moment is to avoid obtaining false beliefs.” Instead, they might say
something like, “I don’t think that is right. Let’s check with the professor,” from which we can perhaps infer an
epistemic aim of avoiding false beliefs and the professor as a source of knowledge. As a result, data analysis is more
complicated and time-intensive for data collected via implicit measurements. This makes study designs employing
these approaches to data collection and analysis less practical for large sample sizes and more difficult for a
practitioner to use to evaluate their classes. However, they can offer a more nuanced, context-sensitive picture of
students’ epistemologies than explicit measurements because they can capture epistemology in use, i.e., “practical
epistemologies” (Sandoval, 2005; Berland et al., 2016).

As with the Explicitness codes, we saw an approximately even distribution of Stability codes. This category of codes
was challenging to apply given that few researchers discussed their assumptions of stability or instability, resulting
in a large portion of studies coded as Unclear. We argue, however, that this assumption influences the design of
the study and the interpretation of data. Administering pre- and post-tests before and after an intervention, for
example, would be reasonable if one assumes students’ responses indicate relatively stable epistemic ideas that
were expected to persist in the absence of the intervention. But if one assumes students’ responses indicate
epistemic ideas invoked in the moment, which may or may not be deeply held, then one would be cautious about
attributing any changes in responses to the intervention. Thus, a major takeaway of this review is that future
researchers should address assumptions of stability with regard to epistemic cognition.

The most striking finding, we claim, was that more than 70% of studies performed a hierarchical analysis of
students’ epistemic cognition data. We hypothesize that Hierarchical studies are so prevalent because creating
hierarchies seems intuitive and the results of hierarchical analyses lend themselves to relatively straightforward
interpretations. By placing students on a continuum from “naive” to “expert” epistemic cognition, we can judge
how/whether an intervention was successful in supporting hoped-for improvements. We have two major
objections to employing context-invariant hierarchies: (1) The assumption that one set of epistemic ideas is best in
all circumstances is not reasonable, and (2) assembled hierarchies nearly always position an idealized vision of
White, Western norms as most sophisticated and de-value or ignore other powerful and legitimate ways of knowing
and learning.



Page 23 of 32 Chemistry Education Research and Practice

oNOYTULT D WN =

Overemphasis on students advancing toward and achieving the “best” epistemologies may overlook the ways in
which other epistemologies could prove useful and act to marginalize whole groups of students. In some articles,
students were considered naive for thinking that there would be a single correct answer. A quick reflection on how
we use knowledge, both in chemistry and everyday life, should reveal why equating binary thinking with epistemic
immaturity is overly simplistic. Sometimes it is useful to adopt a binary perspective, such as when assessing if you
made the desired pharmaceutical compound or its toxic enantiomer. The danger of an inflexible, hierarchical view
is that descriptors or measurements of epistemic cognition may be interpreted as value-laden traits of the students
themselves, creating difference among groups of students that can be used to justify inequitable treatments of
those groups (Kirchgasler, 2017). One might, for example, make claims that students who are identified as “less
sophisticated” dualistic thinkers are less capable of engaging in chemistry courses than students who are identified
as “more sophisticated” relativist thinkers. This could be used to justify separate tracks whereby “less
sophisticated” students are assigned to a “lower level” course. Thus, a rigidly hierarchical viewpoint of epistemology
may in fact lead to educational policies that restrict who is allowed to continue studying science.

Furthermore, by defining a universal best epistemology, almost always based on White, Western norms, we ignore
or devalue powerful and legitimate systems of knowing that exist in other cultures (Ladson-Billings, 2000). As a
consequence, Bang and Medin (2010) assert, “In education, most epistemology research makes the assumption
that the epistemologies students come to classrooms with are inferior, or less productive, compared with the one(s)
that research and educators (for our purposes, science education) are trying to assist students in learning.” They
go on to discuss how such a perspective devalues ways of knowing that Native American communities possess. The
prevalent use of hierarchical coding schemes in chemistry education research is consistent with their assertion
about science education research generally. Such a view discounts the productive resources that all students
possess, but especially those who are already marginalized by our education systems and thus under-represented
in science. Adopting a perspective that values multiple ways of constructing and evaluating knowledge is one way
that chemistry educators can work toward creating more equitable learning environments.

Saying that “all epistemologies may have utility in some context” should not be read as implying “all epistemologies
are equally useful in all contexts”. Most scholars who ascribe to a resources view of epistemic cognition
acknowledge the existence of situated epistemological hierarchies, in which some ways of knowing and learning
may be particularly useful in advancing toward a particular aim in a given moment. This means that “evaluations of
epistemological sophistication must account for the appropriateness and utility of epistemological resources being
used in the current context” (Berland and Crucet, 2016, p. 10; Elby and Hammer, 2001; Hammer & Elby, 2002).
Theoretical and analytic work of this sort is far from straightforward. One must grapple with questions such as: How
should we make arguments that epistemologies are more/less useful without an a priori set of “best
epistemologies”? How might we define a “context” for the purposes of this sort of analysis, given that
epistemologies can shift over a very short time scale? How should we think about the interplay between instructors’
epistemic learning goals, the design of a learning environment, and ways of knowing and learning students
experience as valuable in that environment? Conversations around questions such as these are ongoing in the
science education community (e.g., Pierson et al., 2023; Warren et al., 2020), but still fairly rare in the context of
college chemistry learning. We are hopeful this article serves to spark more conversations around how and why we
define “epistemological sophistication” in the ways that we do.

Limitations

In searching for and selecting articles to include in this review, it was necessary to make decisions to restrict the
scope. The search terms “epistem*,” “nature of science,” and “beliefs” were used to find articles, but articles
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employing other terms to describe students’ thinking about chemistry knowledge may have been missed. Searches
were performed in prominent chemistry education and science education journals, as well as a few databases, but
nevertheless, some relevant articles may have eluded us. Finally, we chose to restrict our analysis to articles
involving students in undergraduate chemistry courses. We do not know if studies on other populations, such as
secondary school students, secondary school teachers, graduate students, or college instructors, would exhibit the
same trends.

Like all coding schemes, the coding scheme presented in Table 3 is a tool to summarize and interpret the data,
albeit at the cost of some resolution. With only three codes per category, much of the variation is obscured. This
was especially true for the coding category Explicitness. Among articles coded as Implicit, the degree of inference
required ranges depending on the exact nature of the data collection methods. For example, an interview asking
students to reflect on their experiences in a course is not the same as observing them as they solve problems in a
small group.

Furthermore, in applying our coding scheme, we needed to make decisions based only on what was published in
the articles. At the time of this writing, the field has not established agreed-upon guidelines regarding what
information should be including in publications on students’ epistemic cognition. For example, assumptions about
the stability of epistemic ideas are not usually stated, resulting in a large number of articles coded as Unclear. Thus,
much of our coding relied on inferences drawn from the theoretical framework invoked, the data collection and
analysis methods used, and the conclusions drawn. It is possible our interpretations do not match the authors’
intended meanings.

In developing our coding scheme, we chose to attend to what we perceive as some of the important assumptions
embedded in the various theoretical models of epistemic cognition. Other assumptions were not operationalized
in our coding scheme. An example is the extent to which epistemic cognition is domain general or domain specific.
(These ideas were incorporated less rigorously into our discussion of stability.)

Conclusions and Future Directions

The model of epistemic cognition researchers employ informs all aspects of a study, from the research questions
that can be asked to the implications and conclusions that can be drawn. We reviewed articles on students’
epistemic cognition in undergraduate chemistry courses and found that very few articles described their model of
epistemic cognition, so instead we looked for distinguishing characteristics of developmental or dimensional
models versus resources models (i.e., assumptions about hierarchy, stability, and explicitness). From this analysis,
we were able to tentatively infer that one third of studies were informed by a developmental or dimensional model,
one fifth were informed by a resources model, and the remaining half remained too ambiguous to infer a model.
We hope that the coding schemes for hierarchy, stability, and explicitness described here can serve as tools for
researchers to support alignment between theory, methods, and implications with regard to epistemic cognition.

Developmental and dimensional models have played an important role in enabling research and discussion
regarding the epistemic aspect of students’ education. We argue that a resources model takes into account many
of the ideas put forward in these models (e.g., kinds of epistemic knowledge) but incorporates them into a more
modern understanding of the dynamic and highly context-dependent nature of cognition (diSessa, 1988; Hammer
& Elby, 2005). Furthermore, not only has a resources model been shown to better account for data (Hammer &
Elby, 2002), but it does not require the researcher to impose a Eurocentric value system when analyzing the data.
Rather, a resources model allows researchers to treat ways of knowing from marginalized communities as valid and
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valuable. But employing a resources model brings its own set of theoretical questions and methodological
challenges. How do we collect and analyze data on large samples in a nuanced way? How does individual resource
activation influence collective ideas on knowledge construction and evaluation and vice versa? Who decides (and
who should decide) which epistemic resources are useful in a particular context and to whom? Science education
researchers have started to grapple with some of these questions, especially those related to collective knowledge
construction and epistemic agency in K-12 education (e.g., Stroupe, 2014; Ko & Krist, 2019; Gonzalez-Howard &
McNeill, 2020). We hope that future work on epistemic cognition in chemistry education will explore these
questions as well so that we may better understand and support students in constructing, using, and evaluating
knowledge in ways that are meaningful in daily life.
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