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ABSTRACT

Developing critical-thinking and scientific reasoning skills are core learning objectives
of science education, but little empirical evidence exists regarding the interrelationships
between these constructs. Writing effectively fosters students’ development of these con-
structs, and it offers a unique window into studying how they relate. In this study of under-
graduate thesis writing in biology at two universities, we examine how scientific reasoning
exhibited in writing (assessed using the Biology Thesis Assessment Protocol) relates to gen-
eral and specific critical-thinking skills (assessed using the California Critical Thinking Skills
Test), and we consider implications for instruction. We find that scientific reasoning in writ-
ing is strongly related to inference, while other aspects of science reasoning that emerge
in writing (epistemological considerations, writing conventions, etc.) are not significantly
related to critical-thinking skills. Science reasoning in writing is not merely a proxy for criti-
cal thinking. In linking features of students’ writing to their critical-thinking skills, this study
1) provides a bridge to prior work suggesting that engagement in science writing enhances
critical thinking and 2) serves as a foundational step for subsequently determining whether
instruction focused explicitly on developing critical-thinking skills (particularly inference)
can actually improve students’ scientific reasoning in their writing.

INTRODUCTION

Critical-thinking and scientific reasoning skills are core learning objectives of science
education for all students, regardless of whether or not they intend to pursue a career
in science or engineering. Consistent with the view of learning as construction of
understanding and meaning (National Research Council, 2000), the pedagogical prac-
tice of writing has been found to be effective not only in fostering the development of
students’ conceptual and procedural knowledge (Gerdeman et al., 2007) and commu-
nication skills (Clase et al., 2010), but also scientific reasoning (Reynolds et al., 2012)
and critical-thinking skills (Quitadamo and Kurtz, 2007).

Critical thinking and scientific reasoning are similar but different constructs that
include various types of higher-order cognitive processes, metacognitive strategies,
and dispositions involved in making meaning of information. Critical thinking is
generally understood as the broader construct (Holyoak and Morrison, 2005), com-
prising an array of cognitive processes and dispostions that are drawn upon differen-
tially in everyday life and across domains of inquiry such as the natural sciences,
social sciences, and humanities. Scientific reasoning, then, may be interpreted as
the subset of critical-thinking skills (cognitive and metacognitive processes and dis-
positions) that 1) are involved in making meaning of information in scientific
domains and 2) support the epistemological commitment to scientific methodology
and paradigm(s).
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Although there has been an enduring focus in higher educa-
tion on promoting critical thinking and reasoning as general or
“transferable” skills, research evidence provides increasing
support for the view that reasoning and critical thinking are
also situational or domain specific (Beyer et al., 2013). Some
researchers, such as Lawson (2010), present frameworks in
which science reasoning is characterized explicitly in terms of
critical-thinking skills. There are, however, limited coherent
frameworks and empirical evidence regarding either the gen-
eral or domain-specific interrelationships of scientific reason-
ing, as it is most broadly defined, and critical-thinking skills.

The Vision and Change in Undergraduate Biology Educa-
tion Initiative provides a framework for thinking about these
constructs and their interrelationship in the context of the core
competencies and disciplinary practice they describe (Ameri-
can Association for the Advancement of Science, 2011). These
learning objectives aim for undergraduates to “understand the
process of science, the interdisciplinary nature of the new biol-
ogy and how science is closely integrated within society; be
competent in communication and collaboration; have quanti-
tative competency and a basic ability to interpret data; and
have some experience with modeling, simulation and compu-
tational and systems level approaches as well as with using
large databases” (Woodin et al., 2010, pp. 71-72). This frame-
work makes clear that science reasoning and critical-thinking
skills play key roles in major learning outcomes; for example,
“understanding the process of science” requires students to
engage in (and be metacognitive about) scientific reasoning,
and having the “ability to interpret data” requires criti-
cal-thinking skills. To help students better achieve these core
competencies, we must better understand the interrelation-
ships of their composite parts. Thus, the next step is to deter-
mine which specific critical-thinking skills are drawn upon
when students engage in science reasoning in general and
with regard to the particular scientific domain being studied.
Such a determination could be applied to improve science
education for both majors and nonmajors through pedagogi-
cal approaches that foster critical-thinking skills that are most
relevant to science reasoning.

Writing affords one of the most effective means for making
thinking visible (Reynolds et al., 2012) and learning how to
“think like” and “write like” disciplinary experts (Meizlish
et al., 2013). As a result, student writing affords the opportu-
nities to both foster and examine the interrelationship of sci-
entific reasoning and critical-thinking skills within and across
disciplinary contexts. The purpose of this study was to better
understand the relationship between students’ critical-think-
ing skills and scientific reasoning skills as reflected in the
genre of undergraduate thesis writing in biology departments
at two research universities, the University of Minnesota and
Duke University.

In the following subsections, we discuss in greater detail the
constructs of scientific reasoning and critical thinking, as well as
the assessment of scientific reasoning in students’ thesis writ-
ing. In subsequent sections, we discuss our study design, find-
ings, and the implications for enhancing educational practices.

Critical Thinking

The advances in cognitive science in the 21st century have
increased our understanding of the mental processes involved
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in thinking and reasoning, as well as memory, learning, and
problem solving. Critical thinking is understood to include both
a cognitive dimension and a disposition dimension (e.g., reflec-
tive thinking) and is defined as “purposeful, self-regulatory
judgment which results in interpretation, analysis, evaluation,
and inference, as well as explanation of the evidential, concep-
tual, methodological, criteriological, or contextual considera-
tions upon which that judgment is based” (Facione, 1990, p. 3).
Although various other definitions of critical thinking have
been proposed, researchers have generally coalesced on this
consensus: expert view (Blattner and Frazier, 2002; Condon
and Kelly-Riley, 2004; Bissell and Lemons, 2006; Quitadamo
and Kurtz, 2007) and the corresponding measures of critical-
thinking skills (August, 2016; Stephenson and Sadler-McKnight,
2016).

Both the cognitive skills and dispositional components of
critical thinking have been recognized as important to science
education (Quitadamo and Kurtz, 2007). Empirical research
demonstrates that specific pedagogical practices in science
courses are effective in fostering students’ critical-thinking
skills. Quitadamo and Kurtz (2007) found that students who
engaged in a laboratory writing component in the context of a
general education biology course significantly improved their
overall critical-thinking skills (and their analytical and infer-
ence skills, in particular), whereas students engaged in a
traditional quiz-based laboratory did not improve their criti-
cal-thinking skills. In related work, Quitadamo et al. (2008)
found that a community-based inquiry experience, involving
inquiry, writing, research, and analysis, was associated with
improved critical thinking in a biology course for nonmajors,
compared with traditionally taught sections. In both studies,
students who exhibited stronger presemester critical-thinking
skills exhibited stronger gains, suggesting that “students who
have not been explicitly taught how to think critically may not
reach the same potential as peers who have been taught these
skills” (Quitadamo and Kurtz, 2007, p. 151).

Recently, Stephenson and Sadler-McKnight (2016) found
that first-year general chemistry students who engaged in a
science writing heuristic laboratory, which is an inquiry-based,
writing-to-learn approach to instruction (Hand and Keys,
1999), had significantly greater gains in total critical-thinking
scores than students who received traditional laboratory
instruction. Each of the four components—inquiry, writing,
collaboration, and reflection—have been linked to critical
thinking (Stephenson and Sadler-McKnight, 2016). Like the
other studies, this work highlights the value of targeting criti-
cal-thinking skills and the effectiveness of an inquiry-based,
writing-to-learn approach to enhance critical thinking. Across
studies, authors advocate adopting critical thinking as the
course framework (Pukkila, 2004) and developing explicit
examples of how critical thinking relates to the scientific
method (Miri et al., 2007).

In these examples, the important connection between writ-
ing and critical thinking is highlighted by the fact that each
intervention involves the incorporation of writing into science,
technology, engineering, and mathematics education (either
alone or in combination with other pedagogical practices).
However, critical-thinking skills are not always the primary
learning outcome; in some contexts, scientific reasoning is the
primary outcome that is assessed.
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Scientific Reasoning

Scientific reasoning is a complex process that is broadly
defined as “the skills involved in inquiry, experimentation, evi-
dence evaluation, and inference that are done in the service of
conceptual change or scientific understanding” (Zimmerman,
2007, p. 172). Scientific reasoning is understood to include
both conceptual knowledge and the cognitive processes
involved with generation of hypotheses (i.e., inductive pro-
cesses involved in the generation of hypotheses and the
deductive processes used in the testing of hypotheses), exper-
imentation strategies, and evidence evaluation strategies.
These dimensions are interrelated, in that “experimentation
and inference strategies are selected based on prior concep-
tual knowledge of the domain” (Zimmerman, 2000, p. 139).
Furthermore, conceptual and procedural knowledge and cog-
nitive process dimensions can be general and domain specific
(or discipline specific).

With regard to conceptual knowledge, attention has been
focused on the acquisition of core methodological concepts
fundamental to scientists’ causal reasoning and metacognitive
distancing (or decontextualized thinking), which is the
ability to reason independently of prior knowledge or beliefs
(Greenhoot et al., 2004). The latter involves what Kuhn and
Dean (2004) refer to as the coordination of theory and evi-
dence, which requires that one question existing theories (i.e.,
prior knowledge and beliefs), seek contradictory evidence,
eliminate alternative explanations, and revise one’s prior
beliefs in the face of contradictory evidence. Kuhn and col-
leagues (2008) further elaborate that scientific thinking
requires “a mature understanding of the epistemological foun-
dations of science, recognizing scientific knowledge as con-
structed by humans rather than simply discovered in the
world,” and “the ability to engage in skilled argumentation in
the scientific domain, with an appreciation of argumentation
as entailing the coordination of theory and evidence” (Kuhn
et al., 2008, p. 435). “This approach to scientific reasoning not
only highlights the skills of generating and evaluating evi-
dence-based inferences, but also encompasses epistemological
appreciation of the functions of evidence and theory” (Ding
et al., 2016, p. 616). Evaluating evidence-based inferences
involves epistemic cognition, which Moshman (2015) defines
as the subset of metacognition that is concerned with justifica-
tion, truth, and associated forms of reasoning. Epistemic
cognition is both general and domain specific (or discipline
specific; Moshman, 2015).

There is empirical support for the contributions of both
prior knowledge and an understanding of the epistemological
foundations of science to scientific reasoning. In a study of
undergraduate science students, advanced scientific reasoning
was most often accompanied by accurate prior knowledge as
well as sophisticated epistemological commitments; addition-
ally, for students who had comparable levels of prior knowl-
edge, skillful reasoning was associated with a strong epistemo-
logical commitment to the consistency of theory with evidence
(Zeineddin and Abd-El-Khalick, 2010). These findings high-
light the importance of the need for instructional activities that
intentionally help learners develop sophisticated epistemologi-
cal commitments focused on the nature of knowledge and the
role of evidence in supporting knowledge claims (Zeineddin
and Abd-El-Khalick, 2010).
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Scientific Reasoning in Students’ Thesis Writing
Pedagogical approaches that incorporate writing have also
focused on enhancing scientific reasoning. Many rubrics have
been developed to assess aspects of scientific reasoning in writ-
ten artifacts. For example, Timmerman and colleagues (2011),
in the course of describing their own rubric for assessing
scientific reasoning, highlight several examples of scientific rea-
soning assessment criteria (Haaga, 1993; Tariq et al., 1998;
Topping et al., 2000; Kelly and Takao, 2002; Halonen et al.,
2003; Willison and O’'Regan, 2007).

At both the University of Minnesota and Duke University,
we have focused on the genre of the undergraduate honors
thesis as the rhetorical context in which to study and improve
students’ scientific reasoning and writing. We view the process
of writing an undergraduate honors thesis as a form of profes-
sional development in the sciences (i.e., a way of engaging
students in the practices of a community of discourse). We
have found that structured courses designed to scaffold the
thesis-writing process and promote metacognition can
improve writing and reasoning skills in biology, chemistry, and
economics (Reynolds and Thompson, 2011; Dowd et al.,
2015a,b). In the context of this prior work, we have defined
scientific reasoning in writing as the emergent, underlying
construct measured across distinct aspects of students’ written
discussion of independent research in their undergraduate
theses.

The Biology Thesis Assessment Protocol (BioTAP) was devel-
oped at Duke University as a tool for systematically guiding stu-
dents and faculty through a “draft-feedback-revision” writing
process, modeled after professional scientific peer-review pro-
cesses (Reynolds et al., 2009). BioTAP includes activities and
worksheets that allow students to engage in critical peer review
and provides detailed descriptions, presented as rubrics, of the
questions (i.e., dimensions, shown in Table 1) upon which such
review should focus. Nine rubric dimensions focus on commu-
nication to the broader scientific community, and four rubric
dimensions focus on the accuracy and appropriateness of the
research. These rubric dimensions provide criteria by which the
thesis is assessed, and therefore allow BioTAP to be used as an
assessment tool as well as a teaching resource (Reynolds et al.,
2009). Full details are available at www.science-writing.org/
biotap.html.

In previous work, we have used BioTAP to quantitatively
assess students’ undergraduate honors theses and explore the
relationship between thesis-writing courses (or specific inter-
ventions within the courses) and the strength of students’ sci-
ence reasoning in writing across different science disciplines:
biology (Reynolds and Thompson, 2011); chemistry (Dowd
et al., 2015b); and economics (Dowd et al., 2015a). We have
focused exclusively on the nine dimensions related to reasoning
and writing (questions 1-9), as the other four dimensions
(questions 10-13) require topic-specific expertise and are
intended to be used by the student’s thesis supervisor.

Beyond considering individual dimensions, we have inves-
tigated whether meaningful constructs underlie students’
thesis scores. We conducted exploratory factor analysis of stu-
dents’ theses in biology, economics, and chemistry and found
one dominant underlying factor in each discipline; we termed
the factor “scientific reasoning in writing” (Dowd et al.,
2015a,b, 2016). That is, each of the nine dimensions could be
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TABLE 1. Theses assessment protocol dimensions

1 Is the writing appropriate for the target audience?

2 Does the thesis make a compelling argument for the
significance of the student’s research within the context
of the current literature?

Does the thesis clearly articulate the student’s research
goals?

4 Does the thesis skillfully interpret the results?

5 Is there a compelling discussion of the implications of

findings?

Science reasoning
w

6 Is the thesis clearly organized?

7 Is the thesis free of writing errors?

Are the citations presented consistently and professionally
throughout the text and in the list of works cited?

9 Are the tables and figures clear, effective, and informative?

Scientific community focused

Mechanical
oo

10 Does the thesis represent the student’s significant scientific
research?

11 Is the literature review accurate and complete?

12 Are the methods appropriate, given the student’s research
question?

13 Is the data analysis appropriate, accurate, and unbiased?

Topic specific

understood as reflecting, in different ways and to different
degrees, the construct of scientific reasoning in writing. The
findings indicated evidence of both general and discipline-spe-
cific components to scientific reasoning in writing that relate
to epistemic beliefs and paradigms, in keeping with broader
ideas about science reasoning discussed earlier. Specifically,
scientific reasoning in writing is more strongly associated with
formulating a compelling argument for the significance of
the research in the context of current literature in biology,
making meaning regarding the implications of the findings in
chemistry, and providing an organizational framework for
interpreting the thesis in economics. We suggested that
instruction, whether occurring in writing studios or in writing
courses to facilitate thesis preparation, should attend to both
components.

Research Question and Study Design

The genre of thesis writing combines the pedagogies of writ-
ing and inquiry found to foster scientific reasoning (Reynolds
et al., 2012) and critical thinking (Quitadamo and Kurtz,
2007; Quitadamo et al.,, 2008; Stephenson and Sadler-
McKnight, 2016). However, there is no empirical evidence
regarding the general or domain-specific interrelationships of
scientific reasoning and critical-thinking skills, particularly in
the rhetorical context of the undergraduate thesis. The BioTAP
studies discussed earlier indicate that the rubric-based assess-
ment produces evidence of scientific reasoning in the under-
graduate thesis, but it was not designed to foster or measure
critical thinking. The current study was undertaken to address
the research question: How are students’ critical-thinking
skills related to scientific reasoning as reflected in the genre of
undergraduate thesis writing in biology? Determining these
interrelationships could guide efforts to enhance students’
scientific reasoning and writing skills through focusing instruc-
tion on specific critical-thinking skills as well as disciplinary
conventions.
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METHODS

To address this research question, we focused on undergraduate
thesis writers in biology courses at two institutions, Duke Uni-
versity and the University of Minnesota, and examined the
extent to which students’ scientific reasoning in writing,
assessed in the undergraduate thesis using BioTAB, corresponds
to students’ critical-thinking skills, assessed using the California
Critical Thinking Skills Test (CCTST; August, 2016).

Study Sample

The study sample was composed of students enrolled in courses
designed to scaffold the thesis-writing process in the Depart-
ment of Biology at Duke University and the College of Biologi-
cal Sciences at the University of Minnesota. Both courses
complement students’ individual work with research advisors.
The course is required for thesis writers at the University of
Minnesota and optional for writers at Duke University. Not all
students are required to complete a thesis, though it is required
for students to graduate with honors; at the University of Min-
nesota, such students are enrolled in an honors program within
the college. In total, 28 students were enrolled in the course at
Duke University and 44 students were enrolled in the course at
the University of Minnesota. Of those students, two students
did not consent to participate in the study; additionally, five
students did not validly complete the CCTST (i.e., attempted
fewer than 60% of items or completed the test in less than
15 minutes). Thus, our overall rate of valid participation is
90%, with 27 students from Duke University and 38 students
from the University of Minnesota. We found no statistically
significant differences in thesis assessment between students
with valid CCTST scores and invalid CCTST scores. Therefore,
we focus on the 65 students who consented to participate and
for whom we have complete and valid data in most of this
study. Additionally, in asking students for their consent to par-
ticipate, we allowed them to choose whether to provide or
decline access to academic and demographic background data.
Of the 65 students who consented to participate, 52 students
granted access to such data. Therefore, for additional analyses
involving academic and background data, we focus on the
52 students who consented. We note that the 13 students who
participated but declined to share additional data performed
slightly lower on the CCTST than the 52 others (perhaps
suggesting that they differ by other measures, but we cannot
determine this with certainty). Among the 52 students, 60%
identified as female and 10% identified as being from under-
represented ethnicities.

Critical Thinking

In both courses, students completed the CCTST online, either in
class or on their own, late in the Spring 2016 semester. This is
the same assessment that was used in prior studies of critical
thinking (Quitadamo and Kurtz, 2007; Quitadamo et al., 2008;
Stephenson and Sadler-McKnight, 2016). It is “an objective
measure of the core reasoning skills needed for reflective deci-
sion making concerning what to believe or what to do” (Insight
Assessment, 2016a). In the test, students are asked to read and
consider information as they answer multiple-choice questions.
The questions are intended to be appropriate for all users, so
there is no expectation of prior disciplinary knowledge in
biology (or any other subject). Although actual test items are
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protected, sample items are available on the Insight Assessment
website (Insight Assessment, 2016b). We have included one
sample item in the Supplemental Material.

The CCTST is based on a consensus definition of critical
thinking, measures cognitive and metacognitive skills associ-
ated with critical thinking, and has been evaluated for validity
and reliability at the college level (August, 2016; Stephenson
and Sadler-McKnight, 2016). In addition to providing overall
critical-thinking score, the CCTST assesses seven dimensions of
critical thinking: analysis, interpretation, inference, evalua-
tion, explanation, induction, and deduction. Scores on each
dimension are calculated based on students’ performance on
items related to that dimension. Analysis focuses on identifying
assumptions, reasons, and claims and examining how they
interact to form arguments. Interpretation, related to analysis,
focuses on determining the precise meaning and significance
of information. Inference focuses on drawing conclusions from
reasons and evidence. Evaluation focuses on assessing the
credibility of sources of information and claims they make.
Explanation, related to evaluation, focuses on describing the
evidence, assumptions, or rationale for beliefs and conclusions.
Induction focuses on drawing inferences about what is proba-
bly true based on evidence. Deduction focuses on drawing con-
clusions about what must be true when the context completely
determines the outcome. These are not independent dimen-
sions; the fact that they are related supports their collective
interpretation as critical thinking. Together, the CCTST dimen-
sions provide a basis for evaluating students’ overall strength in
using reasoning to form reflective judgments about what to
believe or what to do (August, 2016). Each of the seven dimen-
sions and the overall CCTST score are measured on a scale of
0-100, where higher scores indicate superior performance.
Scores correspond to superior (86-100), strong (79-85), mod-
erate (70-78), weak (63-69), or not manifested (62 and
below) skills.

Scientific Reasoning in Writing

At the end of the semester, students’ final, submitted under-
graduate theses were assessed using BioTAP, which consists of
nine rubric dimensions that focus on communication to the
broader scientific community and four additional dimensions
that focus on the exhibition of topic-specific expertise (Reynolds
et al., 2009). These dimensions, framed as questions, are dis-
played in Table 1.

Student theses were assessed on questions 1-9 of BioTAP
using the same procedures described in previous studies
(Reynolds and Thompson, 2011; Dowd et al., 2015a,b). In this
study, six raters were trained in the valid, reliable use of BioTAP
rubrics. Each dimension was rated on a five-point scale: 1 indi-
cates the dimension is missing, incomplete, or below acceptable
standards; 3 indicates that the dimension is adequate but not
exhibiting mastery; and 5 indicates that the dimension is excel-
lent and exhibits mastery (intermediate ratings of 2 and 4 are
appropriate when different parts of the thesis make a single
category challenging). After training, two raters independently
assessed each thesis and then discussed their independent rat-
ings with one another to form a consensus rating. The consen-
sus score is not an average score, but rather an agreed-upon,
discussion-based score. On a five-point scale, raters inde-
pendently assessed dimensions to be within 1 point of each
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other 82.4% of the time before discussion and formed consen-
sus ratings 100% of the time after discussion.

In this study, we consider both categorical (mastery/non-
mastery, where a score of 5 corresponds to mastery) and numer-
ical treatments of individual BioTAP scores to better relate the
manifestation of critical thinking in BioTAP assessment to all of
the prior studies. For comprehensive/cumulative measures of
BioTAPB, we focus on the partial sum of questions 1-5, as these
questions relate to higher-order scientific reasoning (whereas
questions 6-9 relate to mid- and lower-order writing mechanics
[Reynolds et al., 2009]), and the factor scores (i.e., numerical
representations of the extent to which each student exhibits the
underlying factor), which are calculated from the factor load-
ings published by Dowd et al. (2016). We do not focus on ques-
tions 6-9 individually in statistical analyses, because we do not
expect critical-thinking skills to relate to mid- and lower-order
writing skills.

The final, submitted thesis reflects the student’s writing, the
student’s scientific reasoning, the quality of feedback provided
to the student by peers and mentors, and the student’s ability to
incorporate that feedback into his or her work. Therefore, our
assessment is not the same as an assessment of unpolished,
unrevised samples of students’ written work. While one might
imagine that such an unpolished sample may be more strongly
correlated with critical-thinking skills measured by the CCTST,
we argue that the complete, submitted thesis, assessed using
BioTAP, is ultimately a more appropriate reflection of how
students exhibit science reasoning in the scientific community.

Statistical Analyses

We took several steps to analyze the collected data. First, to
provide context for subsequent interpretations, we generated
descriptive statistics for the CCTST scores of the participants
based on the norms for undergraduate CCTST test takers. To
determine the strength of relationships among CCTST dimen-
sions (including overall score) and the BioTAP dimensions, par-
tial-sum score (questions 1-5), and factor score, we calculated
Pearson’s correlations for each pair of measures. To examine
whether falling on one side of the nonmastery/mastery thresh-
old (as opposed to a linear scale of performance) was related to
critical thinking, we grouped BioTAP dimensions into catego-
ries (mastery/nonmastery) and conducted Student’s t tests to
compare the means scores of the two groups on each of the
seven dimensions and overall score of the CCTST. Finally, for
the strongest relationship that emerged, we included additional
academic and background variables as covariates in multiple
linear-regression analysis to explore questions about how much
observed relationships between critical-thinking skills and sci-
ence reasoning in writing might be explained by variation in
these other factors.

Although BioTAP scores represent discreet, ordinal bins, the
five-point scale is intended to capture an underlying continuous
construct (from inadequate to exhibiting mastery). It has been
argued that five categories is an appropriate cutoff for treating
ordinal variables as pseudo-continuous (Rhemtulla et al.,
2012)—and therefore using continuous-variable statistical
methods (e.g., Pearson’s correlations)—as long as the underly-
ing assumption that ordinal scores are linearly distributed is
valid. Although we have no way to statistically test this assump-
tion, we interpret adequate scores to be approximately halfway
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between inadequate and mastery scores, resulting in a linear
scale. In part because this assumption is subject to disagree-
ment, we also consider and interpret a categorical (mastery/
nonmastery) treatment of BioTAP variables.

We corrected for multiple comparisons using the Holm-Bon-
ferroni method (Holm, 1979). At the most general level, where
we consider the single, comprehensive measures for BioTAP
(partial-sum and factor score) and the CCTST (overall score),
there is no need to correct for multiple comparisons, because
the multiple, individual dimensions are collapsed into single
dimensions. When we considered individual CCTST dimensions
in relation to comprehensive measures for BioTAP, we accounted
for seven comparisons; similarly, when we considered individ-
ual dimensions of BioTAP in relation to overall CCTST score, we
accounted for five comparisons. When all seven CCTST and five
BioTAP dimensions were examined individually and without
prior knowledge, we accounted for 35 comparisons; such a rig-
orous threshold is likely to reject weak and moderate relation-
ships, but it is appropriate if there are no specific pre-existing
hypotheses. All p values are presented in tables for complete
transparency, and we carefully consider the implications of our
interpretation of these data in the Discussion section.

RESULTS

CCTST scores for students in this sample ranged from the 39th to
99th percentile of the general population of undergraduate
CCTST test takers (mean percentile = 84.3, median = 85th per-
centile; Table 2); these percentiles reflect overall scores that range
from moderate to superior. Scores on individual dimensions and
overall scores were sufficiently normal and far enough from the
ceiling of the scale to justify subsequent statistical analyses.

The Pearson’s correlations between students’ cumulative
scores on BioTAP (the factor score based on loadings published
by Dowd et al., 2016, and the partial sum of scores on questions
1-5) and students’ overall scores on the CCTST are presented in
Table 3. We found that the partial-sum measure of BioTAP was
significantly related to the overall measure of critical thinking
(r=0.27, p = 0.03), while the BioTAP factor score was margin-
ally related to overall CCTST (r = 0.24, p = 0.05). When we
looked at relationships between comprehensive BioTAP
measures and scores for individual dimensions of the CCTST
(Table 3), we found significant positive correlations between
the both BioTAP partial-sum and factor scores and CCTST
inference (r = 0.45, p < 0.001, and r = 0.41, p < 0.001,
respectively). Although some other relationships have p values

TABLE 2. Descriptive statistics of CCTST dimensions?®

Minimum Mean Median Maximum
Analysis 70 88.6 90 100
Interpretation 74 89.7 87 100
Inference 78 87.9 89 100
Evaluation 63 83.6 84 100
Explanation 61 84.4 87 100
Induction 74 87.4 87 97
Deduction 71 86.4 87 97
Overall 73 86 85 97

aScores correspond to superior (86-100), strong (79-85), moderate (70-78),
weak (63-69), or not manifested (62 and lower) skills.
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below 0.05 (e.g., the correlations between BioTAP partial-sum
scores and CCTST induction and interpretation scores), they are
not significant when we correct for multiple comparisons.

When we expanded comparisons to include all 35 potential
correlations among individual BioTAP and CCTST dimensions—
and, accordingly, corrected for 35 comparisons—we did not find
any additional statistically significant relationships. The Pear-
son’s correlations between students’ scores on each dimension
of BioTAP and students’ scores on each dimension of the CCTST
range from —0.11 to 0.35 (Table 3); although the relationship
between discussion of implications (BioTAP question 5) and
inference appears to be relatively large (r = 0.35), it is not signif-
icant (p = 0.005; the Holm-Bonferroni cutoff is 0.00143). We
found no statistically significant relationships between BioTAP
questions 6-9 and CCTST dimensions (unpublished data),
regardless of whether we correct for multiple comparisons.

The results of Student’s ¢ tests comparing scores on each
dimension of the CCTST of students who exhibit mastery with
those of students who do not exhibit mastery on each dimen-
sion of BioTAP are presented in Table 4. Focusing first on the
overall CCTST scores, we found that the difference between
those who exhibit mastery and those who do not in discussing
implications of results (BioTAP question 5) is statistically signif-
icant (t=2.73, p =0.008, d =0.71). When we expanded ¢ tests
to include all 35 comparisons—and, like above, corrected for

TABLE 3. Correlations between dimensions of CCTST and
dimensions of BioTAP?

BioTAP rubric dimensions (five-point scale)

2

¢ g B, 4% S

f ¢ § §F 3z § &

CCTST 2 2 & ELAE =& &

Analysis 0.05 -0.03 0.03 0.21 0.10 0.14 0.13

0.72 081 081 0.09 043 0.27 0.31

Interpretation 0.26 0.01 0.25 0.08 0.20 0.27 0.23

0.03 092 0.04 053 0.12 0.03 0.07

Inference 0.27 0.19 0.20 030 035 045 0.41
0.03 0.14 0.11 0.01 0.005 0.0002 0.0006

Evaluation 0.05 -0.03 -0.06 0.15 0.10 0.09 0.07

0.67 079 0.63 0.24 043 0.50 0.59

Explanation 0.15 -0.06 -0.03 0.16 0.16 0.15 0.12

023 065 0.84 021 0.20 0.25 0.35

Induction 0.20 -0.01 0.07 0.22 0.24 0.26 0.23

0.11 093 0.57 0.08 0.05 0.04 0.06

Deduction 0.16 0.07 0.10 0.20 0.15 0.23 0.21

021 056 043 0.10 0.25 0.06 0.10

Overall 0.21 0.03 0.09 0.24 0.20 0.27 0.24

0.10 080 0.49 005 0.10 0.03 0.05

aIn each cell, the top number is the correlation, and the bottom, italicized number
is the associated p value. Correlations that are statistically significant after correct-
ing for multiple comparisons are shown in bold.

"This is the partial sum of BioTAP scores on questions 1-5.

<This is the factor score calculated from factor loadings published by Dowd et al.
(2016).
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TABLE 4. The t statistics and effect sizes of differences in
dimensions of CCTST across dimensions of BioTAP?

Critical Thinking and Science Reasoning

TABLE 5. Partial sum (questions 1-5) of BioTAP scores (n=52)

Variable Model1 Model2  Model 3
BioTAP (mastery vs. nonmastery) CCTST inference 0.536%** 0.491%*
a Grade point average 0.176 0.092
9 % § " -% Independent study courses —-0.087 0.001
qE) = @ & % 5.8 Writing-intensive courses 0.131 0.021
El 50 g £ 2% Institution 0329 0115
SETSh = == A= Male 0.085 0.041
Moo 29 40 54 35 23 Underrepresented group -0.114 -0.060
Moon 36 25 1 30 42 Adjusted R? 0.273 -0.022  0.195
Analysis 092 -036 -0.49 1.04  1.41 “ip < 0.01.
0.36 0.72 0.62 0.30 0.16 *#5p < 0.001.
0.23 -0.09 -0.16 0.26 0.37
Interpretation 1.18 -0.49 141 1.34 1.79 . . . .
including all variables (model 3). As model 3 shows, the covari-
0.24 0.63 0.16 0.19 0.08 . . C e . .
ates explain very little variation in BioTAP scores, and the rela-
0.29 -0.12 0.47 0.33 0.47 . . . . . .
tionship between inference and BioTAP persists even in the
Inference 2.32 0.87 0.39 2.46 341 presence of all of the covariates.
0.02 0.39 0.70 0.02 0.001
0.58 0.22 0.13 061  0.88 DISCUSSION
Evaluation 0.90 —0.47 ~1.38 1.14 2.00 The aim of this study was to examine the extent to which the
0.37 0.64 0.17 0.26 0.05 various components of scientific reasoning—manifested in writ-
023  -012  -046 0.28 0.52 ing in the genre of undergraduate thesis and assessed using
Explanation 147 099 -131 1.79 2,60 BloTAP—drayv on general and spec1f1c crltlca.l-thlpklr}g skills
(assessed using CCTST) and to consider the implications for
0.15 0.32 0.20 0.09 0.01 . . . . .
0.37 0.95 0.43 0.43 0.67 educational practices. Although science reasoning involves crit-
’ e e : ) ical-thinking skills, it also relates to conceptual knowledge and
Induction 167 -063  -0.36 187 3.26 the epistemological foundations of science disciplines (Kuhn
0.10 0.53 0.72 0.07 0.002 et al., 2008). Moreover, science reasoning in writing, captured
0.42 -0.16  -0.12 0.47 0.84 in students’ undergraduate theses, reflects habits, conventions,
Deduction 1.86 019  -0.37 1.31 1.72 and the incorporation of feedback that may alter evidence of
0.07 0.85 0.71 0.19 0.09 individuals’ critical-thinking skills. Our findings, however, pro-
0.46 0.05 012 0.33 0.45 vide eI'npil.‘ical fa\'/idence that cumulative measures of science
reasoning in writing are nonetheless related to students’ overall
Overall 206 027 047 1.86 2.73 critical-thinking skills (Table 3). The particularly significant
0.04 0.79 0.64 0.07 0.008 roles of inference skills (Table 3) and the discussion of implica-
0.52  -0.07 -0.16 0.46 0.71 tions of results (BioTAP question 5; Table 4) provide a basis for

aIn each cell, the top number is the t statistic for each comparison, and the middle,
italicized number is the associated p value. The bottom number is the effect size.
Correlations that are statistically significant after correcting for multiple compari-
sons are shown in bold.

35 comparisons—we found a significant difference in inference
scores between students who exhibit mastery on question 5 and
students who do not (t = 3.41, p=0.0012, d = 0.88), as well as
a marginally significant difference in these students’ induction
scores (t = 3.26, p = 0.0018, d = 0.84; the Holm-Bonferroni
cutoff is p = 0.00147). Cohen’s d effect sizes, which reveal the
strength of the differences for statistically significant relation-
ships, range from 0.71 to 0.88.

Finally, we more closely examined the strongest relationship
that we observed, which was between the CCTST dimension of
inference and the BioTAP partial-sum composite score (shown
in Table 3), using multiple regression analysis (Table 5). Focus-
ing on the 52 students for whom we have background informa-
tion, we looked at the simple relationship between BioTAP and
inference (model 1), a robust background model including mul-
tiple covariates that one might expect to explain some part of
the variation in BioTAP (model 2), and a combined model

CBE—Life Sciences Education « 17:ar4, Spring 2018

more specific ideas about how these constructs relate to one
another and what educational interventions may have the most
success in fostering these skills.

Our results build on previous findings. The genre of thesis
writing combines pedagogies of writing and inquiry found to
foster scientific reasoning (Reynolds et al., 2012) and critical
thinking (Quitadamo and Kurtz, 2007; Quitadamo et al., 2008;
Stephenson and Sadler-McKnight, 2016). Quitadamo and Kurtz
(2007) reported that students who engaged in a laboratory
writing component in a general education biology course sig-
nificantly improved their inference and analysis skills, and Quit-
adamo and colleagues (2008) found that participation in a
community-based inquiry biology course (that included a
writing component) was associated with significant gains in
students’ inference and evaluation skills. The shared focus on
inference is noteworthy, because these prior studies actually
differ from the current study; the former considered critical-
thinking skills as the primary learning outcome of writing-
focused interventions, whereas the latter focused on emergent
links between two learning outcomes (science reasoning in
writing and critical thinking). In other words, inference skills
are impacted by writing as well as manifested in writing.
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Inference focuses on drawing conclusions from argument
and evidence. According to the consensus definition of critical
thinking, the specific skill of inference includes several pro-
cesses: querying evidence, conjecturing alternatives, and draw-
ing conclusions. All of these activities are central to the inde-
pendent research at the core of writing an undergraduate thesis.
Indeed, a critical part of what we call “science reasoning in writ-
ing” might be characterized as a measure of students’ ability to
infer and make meaning of information and findings. Because
the cumulative BioTAP measures distill underlying similarities
and, to an extent, suppress unique aspects of individual dimen-
sions, we argue that it is appropriate to relate inference to scien-
tific reasoning in writing. Even when we control for other poten-
tially relevant background characteristics, the relationship is
strong (Table 5).

In taking the complementary view and focusing on BioTAP,
when we compared students who exhibit mastery with those
who do not, we found that the specific dimension of “discussing
the implications of results” (question 5) differentiates students’
performance on several critical-thinking skills. To achieve mas-
tery on this dimension, students must make connections
between their results and other published studies and discuss
the future directions of the research; in short, they must demon-
strate an understanding of the bigger picture. The specific rela-
tionship between question 5 and inference is the strongest
observed among all individual comparisons. Altogether, per-
haps more than any other BioTAP dimension, this aspect of stu-
dents’ writing provides a clear view of the role of students’ crit-
ical-thinking skills (particularly inference and, marginally,
induction) in science reasoning.

While inference and discussion of implications emerge as
particularly strongly related dimensions in this work, we note
that the strongest contribution to “science reasoning in writing
in biology,” as determined through exploratory factor analysis,
is “argument for the significance of research” (BioTAP question
2, not question 5; Dowd et al., 2016). Question 2 is not clearly
related to critical-thinking skills. These findings are not contra-
dictory, but rather suggest that the epistemological and disci-
plinary-specific aspects of science reasoning that emerge in
writing through BioTAP are not completely aligned with aspects
related to critical thinking. In other words, science reasoning in
writing is not simply a proxy for those critical-thinking skills
that play a role in science reasoning.

In a similar vein, the content-related, epistemological aspects
of science reasoning, as well as the conventions associated with
writing the undergraduate thesis (including feedback from
peers and revision), may explain the lack of significant relation-
ships between some science reasoning dimensions and some
critical-thinking skills that might otherwise seem counterintui-
tive (e.g., BioTAP question 2, which relates to making an argu-
ment, and the critical-thinking skill of argument). It is possible
that an individual’s critical-thinking skills may explain some
variation in a particular BioTAP dimension, but other aspects of
science reasoning and practice exert much stronger influence.
Although these relationships do not emerge in our analyses, the
lack of significant correlation does not mean that there is defin-
itively no correlation. Correcting for multiple comparisons sup-
presses type 1 error at the expense of exacerbating type 2 error,
which, combined with the limited sample size, constrains statis-
tical power and makes weak relationships more difficult to
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detect. Ultimately, though, the relationships that do emerge
highlight places where individuals’ distinct critical-thinking
skills emerge most coherently in thesis assessment, which is why
we are particularly interested in unpacking those relationships.

We recognize that, because only honors students submit the-
ses at these institutions, this study sample is composed of a
selective subset of the larger population of biology majors.
Although this is an inherent limitation of focusing on thesis
writing, links between our findings and results of other studies
(with different populations) suggest that observed relationships
may occur more broadly. The goal of improved science reason-
ing and critical thinking is shared among all biology majors,
particularly those engaged in capstone research experiences. So
while the implications of this work most directly apply to hon-
ors thesis writers, we provisionally suggest that all students
could benefit from further study of them.

There are several important implications of this study for
science education practices. Students’ inference skills relate to
the understanding and effective application of scientific con-
tent. The fact that we find no statistically significant relation-
ships between BioTAP questions 6-9 and CCTST dimensions
suggests that such mid- to lower-order elements of BioTAP
(Reynolds et al., 2009), which tend to be more structural in
nature, do not focus on aspects of the finished thesis that draw
strongly on critical thinking. In keeping with prior analyses
(Reynolds and Thompson, 2011; Dowd et al., 2016), these find-
ings further reinforce the notion that disciplinary instructors,
who are most capable of teaching and assessing scientific rea-
soning and perhaps least interested in the more mechanical
aspects of writing, may nonetheless be best suited to effectively
model and assess students’ writing.

The goal of the thesis writing course at both Duke University
and the University of Minnesota is not merely to improve thesis
scores but to move students’ writing into the category of mas-
tery across BioTAP dimensions. Recognizing that students with
differing critical-thinking skills (particularly inference) are
more or less likely to achieve mastery in the undergraduate the-
sis (particularly in discussing implications [question 5]) is
important for developing and testing targeted pedagogical
interventions to improve learning outcomes for all students.

The competencies characterized by the Vision and Change in
Undergraduate Biology Education Initiative provide a general
framework for recognizing that science reasoning and criti-
cal-thinking skills play key roles in major learning outcomes of
science education. Our findings highlight places where science
reasoning-related competencies (like “understanding the pro-
cess of science”) connect to critical-thinking skills and places
where critical thinking-related competencies might be mani-
fested in scientific products (such as the ability to discuss impli-
cations in scientific writing). We encourage broader efforts to
build empirical connections between competencies and peda-
gogical practices to further improve science education.

One specific implication of this work for science education is
to focus on providing opportunities for students to develop
their critical-thinking skills (particularly inference). Of course,
as this correlational study is not designed to test causality, we
do not claim that enhancing students’ inference skills will
improve science reasoning in writing. However, as prior work
shows that science writing activities influence students’ infer-
ence skills (Quitadamo and Kurtz, 2007; Quitadamo et al.,
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2008), there is reason to test such a hypothesis. Nevertheless,
the focus must extend beyond inference as an isolated skill;
rather, it is important to relate inference to the foundations of
the scientific method (Miri et al., 2007) in terms of the episte-
mological appreciation of the functions and coordination of
evidence (Kuhn and Dean, 2004; Zeineddin and Abd-El-Khalick,
2010; Ding et al., 2016) and disciplinary paradigms of truth
and justification (Moshman, 2015).

Although this study is limited to the domain of biology at two
institutions with a relatively small number of students, the find-
ings represent a foundational step in the direction of achieving
success with more integrated learning outcomes. Hopefully, it
will spur greater interest in empirically grounding discussions of
the constructs of scientific reasoning and critical-thinking skills.

CONCLUSION

This study contributes to the efforts to improve science educa-
tion, for both majors and nonmajors, through an empirically
driven analysis of the relationships between scientific reasoning
reflected in the genre of thesis writing and critical-thinking
skills. This work is rooted in the usefulness of BioTAP as a
method 1) to facilitate communication and learning and 2) to
assess disciplinary-specific and general dimensions of science
reasoning. The findings support the important role of the criti-
cal-thinking skill of inference in scientific reasoning in writing,
while also highlighting ways in which other aspects of science
reasoning (epistemological considerations, writing conven-
tions, etc.) are not significantly related to critical thinking.
Future research into the impact of interventions focused on spe-
cific critical-thinking skills (i.e., inference) for improved science
reasoning in writing will build on this work and its implications
for science education.
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