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Recent studies question the effectiveness of a traditional university curriculum in helping students
improve their critical thinking and scientific literacy. We developed an introductory, general educa-
tion (gen ed) science course to overcome both deficiencies. The course, titled Foundations of Science,
differs from most gen ed science offerings in that it is interdisciplinary; emphasizes the nature of
science along with, rather than primarily, the findings of science; incorporates case studies, such as
the vaccine-autism controversy; teaches the basics of argumentation and logical fallacies; contrasts
science with pseudoscience; and addresses psychological factors that might otherwise lead students
to reject scientific ideas they find uncomfortable. Using a pretest versus posttest design, we show
that students who completed the experimental course significantly improved their critical-thinking
skills and were more willing to engage scientific theories the general public finds controversial (e.g.,
evolution), while students who completed a traditional gen ed science course did not. Our results
demonstrate that a gen ed science course emphasizing the process and application of science rather

than just scientific facts can lead to improved critical thinking and scientific literacy.

INTRODUCTION

If we teach only the findings and products of science—
no matter how useful and even inspiring they may
be—without communicating its critical method, how
can the average person possibly distinguish science
from pseudoscience?

Sagan, 1996, p. 21
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A primary goal of education in general, and higher educa-
tion in particular, is to improve the critical-thinking skills of
students (Facione et al., 1995; Van Gelder, 2005; Bok, 2006).
Sadly, higher education appears insufficient to the task, with
recent studies (Arum and Roksa, 2010; Arum et al., 2011;
Pascarella ef al., 2011) showing minimal gains in students’
critical-thinking and analytical skills during their under-
graduate careers, reducing their employment potential upon
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graduation (Arum and Roksa, 2014). Science courses, with
their focus on evidence and logic, should provide exemplary
exposure to and training in critical thinking. Here, too, we
appear to be failing, both at the level of individual science
classes and programmatically in the science core, given the
ineffectiveness of these courses to either improve students’
scientific knowledge or mitigate their acceptance of pseudo-
scientific claims (Walker ef al., 2002; Johnson and Pigliucci,
2004; Impey et al., 2011; Carmel and Yezierski, 2013).

The inadequacy of standard approaches to teaching sci-
ence is demonstrated by the fact that 93% of American adults
and 78% of those with college degrees are scientifically illit-
erate (Hazen, 2002); that is, they do not understand science
as an empirically based method of inquiry, they lack knowl-
edge of fundamental scientific facts, and they are unable to
understand the science-related material published in a news-
paper such as the Washington Post (Miller, 1998, 2012). Such
deficiencies extend to science majors as well. For example,
a study of 170 undergraduates at the University of Tennes-
see found that, while science majors knew more science facts
than non-science majors, there were no differences between
the two groups in their conceptual understanding of sci-
ence or their belief in pseudoscience (Johnson and Pigliucci,
2004). This poor understanding of science adversely affects
the ability of individuals to make informed decisions about
science-related issues, including well-established theories
like the big bang, which is rejected by nearly two-thirds of
Americans (National Science Foundation, 2014). The woe-
ful lack of scientific literacy similarly provides insight into
the public (though not scientific) controversies surrounding
such issues as evolution (Miller et al., 2006), global climate
change (Morrison, 2011; Reardon, 2011), and the safety of
childhood immunizations (Mnookin, 2011; Offit, 2011). In
short, there appears to be a gap between a fundamental goal
of science education, to produce scientifically literate citi-
zens, and the results of the pedagogical approaches intended
to meet this goal. Particularly troublesome is the ripple effect
of inadequate science education at the university level, lead-
ing to poor teacher preparation and threatening the quality
of science instruction in our public schools (Eve and Dunn,
1990; Rutledge and Warden, 2000).

Commonly identified causes of the impotency of science
courses, especially the introductory courses taken by the
majority of college students, are their tendency to focus on
scientific “facts” rather than on the nature of science (John-
son and Pigliucci, 2004; Alberts, 2005), often reinforced by
exams that reward memorization over higher-order thinking
(Alberts, 2009; Momsen et al., 2010); the reluctance to directly
engage students’ misconceptions (Alters and Nelson, 2002;
Nelson, 2008; Alberts, 2005; Verhey, 2005); the failure to con-
nect “science as a way of knowing” with decisions faced by
students in their daily lives (Kuhn, 1993; Walker et al., 2002);
and the resistance of faculty trained in more innovative ped-
agogical approaches to actually employ them (Ebert-May
et al., 2011). The traditional approach to science education
not only fosters scientific illiteracy, but also alienates many
students from science (Seymour and Hewitt, 1997; Ede, 2000;
Johnson, 2007) and, ultimately, jeopardizes America’s global
competitiveness (National Academy of Sciences, National
Academy of Engineering, and Institute of Medicine, 2010).
While methods emphasizing active learning demonstrate
significant pedagogical improvements for students majoring

14:ar30, 2

in the sciences (Freeman et al., 2014), ~85% of the 1.8 million
students graduating from college annually in the United
States are not science majors (Snyder and Dillow, 2013).
Our goal, therefore, was to develop and test an intervention
targeting this larger, frequently overlooked, yet extremely
important audience. But what would scientific literacy
comprise for students completing only one or two science
courses during their college careers? What tools could we
use to measure said literacy? And how might we best, in a
single course or two, help our students achieve it?

Our answer to these questions was an integrative, general
education (gen ed) science course titled Foundations of Sci-
ence (FoS), selected as the centerpiece of the Quality Enhance-
ment Plan for reaffirmation at Sam Houston State University
(SHSU; Sam Houston State University, 2009). Per Sagan’s
(1996) admonition, the FoS course focuses as much on the
nature of science as on its facts. We intentionally sought to
demystify the process of science by selecting examples, such
as the vaccine-autism controversy, that not only held the stu-
dents” attention but also, and as importantly, helped demon-
strate the utility of “evidentiary thinking” in their daily lives.
A brief list of the central tenets of the course is provided be-
low; more detail is available in the “Expanded Course Ratio-
nale and Structure” in our Supplemental Material.

Critical Thinking

Our central hypothesis was that critical thinking—defined
as the ability to draw reasonable conclusions based on evi-
dence, logic, and intellectual honesty—is inherent to scientif-
ic reasoning (Facione, 1990, 2015; American Association for
the Advancement of Science [AAAS], 1993; Bernstein et al.,
2006) and is therefore an essential aspect of scientific literacy.
Scientific literacy, then, can best be achieved by offering an
alternative type of integrated science course that focuses on
these foundations rather than on the traditional “memorize
the facts” approach to science education. A simple, operation-
al approach to critical thinking is provided by Bernstein et al.
(2006) via a set of questions one should ask when presented
with a claim (e.g., vaccines cause autism, global warming is
a hoax, there are no transitional fossils). 1) What am I be-
ing asked to accept? 2) What evidence supports the claim?
3) Are there alternative explanations/hypotheses? And, fi-
nally, 4) what evidence supports the alternatives? The most
likely explanation is the one that is best supported. Evidence
matters, but only when all of the evidence for and against
each of the competing hypotheses has been examined—fully,
thoughtfully, and honestly. Sounds like science, doesn’t it?
But how can we get science-phobic college students to use it?
Perhaps by focusing on topics the non—science student finds
interesting, including astrology, homeopathy, Bigfoot, and
even intelligent design. But aren’t these ideas just pseudosci-
entific nonsense? Of course, but students need to understand
why they are pseudo rather than real science, and critical
thinking/scientific literacy is the key. This is the approach
adopted by Theodore Schick and Lewis Vaughn (2014) in
How to Think about Weird Things: Critical Thinking for a New
Age, one of the two main texts we adopt in the course.

This text and the course also help students identify and
analyze the validity and soundness of arguments. We in-
clude a discussion of common heuristics and several logical
fallacies, some examples being correlation proves causation,
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appeal to the masses, and ad hominem attacks. An under-
standing and awareness of strong versus weak arguments,
and the informal fallacies used to surreptitiously circumvent
the former, are essential to critical thinking and to the evalu-
ation of claims—whether scientific or pseudoscientific.

Integrating Content with Process

While there has been a clarion call for teachers to focus more
on scientific process and less on scientific facts (Rutherford
and Ahlgren, 1990; AAAS, 1993, 2010), content still matters.
Therefore, in addition to the critical-thinking text by Schick
and Vaughn, we also use an integrated science textbook (e.g.,
Hewitt et al., 2013; Trefil and Hazen, 2013) as our second text,
typically a custom printing that includes only those chapters
whose content we cover in the course. We are fortunate that
our course includes both “lecture” and “lab” components,
providing multiple, weekly opportunities for active learning.
We employ, as a cornerstone of our approach, case studies
we have built specifically for the FoS course. Cases, we have
found, permit us to teach content and process at the same
time, in a manner that engages the non—science student. One
of our cases, for example, examines the purported connec-
tion between vaccines and autism (Rowe, 2010). Working
in small groups, students examine the data from Andrew
Wakefield et al.’s (1998) paper, the proverbial match that lit
the current firestorm of antivaccine hysteria (Mnookin, 2011;
Offit, 2011). After dissecting Wakefield’s data and his conclu-
sions, students are tasked with designing a better study. In so
doing, they learn a great deal about sample size, replication,
double-blind studies, and scientific honesty, that is, the pro-
cedural underpinnings of good science. But the students also
learn about antibodies, antigens, herd immunity, and autism
spectrum disorders, that is, the findings of science. Similar-
ly, in a case in which students use the science of ecology to
go “hunting” for the Loch Ness monster (Rowe, 2015), they
must learn and then apply scientific “findings” ranging from
the second law of thermodynamics to minimum viable popu-
lation sizes to postglacial rebound. A large part of the success
we witness in our experimental course is due, we believe, to
this integration of scientific facts with scientific process.

Addressing Cognitive Barriers

An emphasis on evidentiary thinking combined with an in-
tegration of content and process will achieve little if students
are unable or unwilling to objectively evaluate a claim, hy-
pothesis, or theory. Cognitive barriers can stand in the way
of rational decision making (Posner et al., 1982; Sinatra et al.,
2008). We designed the FoS course to overcome two such bar-
riers. One hurdle is peoples’ personal experiences, which, for
many, trump critical thinking (Chabris and Simons, 2010). If
something feels real, looks real, tastes real, if we saw it, ex-
perienced it, then it must be true. Zinc is not effective against
the common cold? Why, then, did my headache disappear
when I used zinc-infused cough drops? Vaccines do not
cause autism? What else could explain why my son stopped
walking two days after his MMR shot? To help students un-
derstand the limitations of anecdotal evidence, including
their own personal experiences, we guide them through an
exploration of the science of perception and memory. We use
illusions to show how our brain unconsciously takes short-
cuts that can lead to misperceptions. And we employ simple
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exercises to demonstrate the malleability and fallibility of
memories. Critical thinking requires we recognize that our
perceptions and our memories may be flawed.

The second barrier starts once perceptions and memories
have solidified into an opinion. Opinions, once formed, resist
change; the more important the belief, the more stubbornly
we hang onto it, even in the light of contradictory evidence
(Tavris and Aronson, 2007). An honest evaluation of compet-
ing explanations requires that students understand cognitive
dissonance and its servant twins, expectation bias and con-
firmation bias. Facts do not matter to someone who does not
want to hear them, and evidence is easily discounted when
examined with prejudice. Indeed, simply throwing facts at
biased conclusions may cause further retrenchment as, for
example, was demonstrated in a recent study (Nyhan et al.,
2014) of the rebellion against childhood immunizations. Re-
sults of the study, which surveyed 1759 parents, are discour-
aging, in that an intervention presenting the overwhelming
evidence that vaccines do not cause autism made parents less
likely to vaccinate, not more (Nyhan ef al., 2014).

Social judgment theory (SJT) offers an explanation of
Nyhan et al.’s (2014) counterintuitive results. SJT postulates
there is a range, a latitude, of ideas similar to a person’s cur-
rent position he or she might be willing to consider as being
true if presented with information that supports the idea.
However, if the idea is too different from the person’s initial
belief, if it lies outside his or her latitude of acceptance, it will
be rejected (Erwin, 2014). Furthermore, the more involved a
person is with a view, the wider the latitudes of rejection and
the narrower the latitudes of acceptance (Benoit, n.d.). If we
want students to understand and accept the big bang theory
and the theory of evolution, ideas many find uncomfortable,
we cannot simply present the overwhelming evidence in
favor of these ideas, we must also accommodate and over-
come the dissonance these explanations engender. SJT was,
therefore, a central, guiding tenet in the topical organization
of the course, briefly outlined below. Topics in the first third
of the course are, we believe, the most unusual, so we focus
on those here. Additional details of the topics included in the
course, the reasons we included them, and the materials we
used to teach them can be found in the “Expanded Course
Rationale and Structure” in our Supplemental Material,
along with a copy of an example course syllabus.

Topical Organization

We begin the course by discussing the witch hunts of the
14th through 18th centuries. By some accounts, more than
half a million innocent victims were horribly tortured and
then killed under the mistaken belief they were the cause
of miscarriages, crop failures, and storms, that is, calamities
and misfortunes we now know have underlying natural, not
supernatural, causes (Sagan, 1996, Cawthorne, 2004). A com-
mon question we frequently pose to the students is “What is
the harm in believing in something that is not true?” The stu-
dents, having no personal stake in the fates of these historical
victims, easily grasp the importance of evidence, skepticism,
and the need for multiple working hypotheses when seeking
causal explanations.

Lest the students think witch hunts are a thing of the past,
we segue to a discussion of modern witch hunts, with a fo-
cus on the satanic ritual abuse mass hysteria of the 1980s
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and 1990s (Nathan and Snedeker, 2001). As with the earlier
hunts, hundreds of people were accused, convicted, and sent
to jail, even though there was little or no empirical evidence
to support the allegations (Lanning, 1992). Here, too, the stu-
dents, with little emotional investment and, thus, little disso-
nance, draw the reasonable conclusion that scientific literacy,
evidence, and critical thinking are good things, because they
prevent harm.

We then discuss the nature of science as a systematic,
objective, and reliable means of evaluating testable claims.
Mindful of SJT, we do not dismiss other ways of knowing
(e.g., intuition, spirituality) but highlight the strengths and
successes of the scientific approach, including its unique
reliance on evidence, skepticism, logic, multiple working
hypotheses, and Occam’s razor, that is, the foundations of
science. We stress the importance of self-correction, a char-
acteristic unique to science yet frequently misunderstood by
students as a weakness. And, using examples, we introduce
students to the pernicious effects of dissonance, dishonesty,
and bias as impediments to understanding.

The next section of the course deals with the limits to per-
ception and memory mentioned earlier, topics critical for un-
derstanding why anecdotal evidence, eyewitness accounts,
and even personal experiences are insufficient for accepting
a claim. By this point in the course, students are beginning
to understand Richard Feynman’s famous quote “The first
principle is that you must not fool yourself and you are the
easiest person to fool” (Feynman and Leighton, 1985, p. 343).
If their own perceptions and memories can be faulty, might
not some of their opinions be too?

The remainder of the course covers content more typical
of an integrative science course, including but not limited
to cosmology, geology, cell biology, and ecology, with some-
what atypical side trips to explore the paranormal and in-
vestigate alternative medical therapies. But even here, we
attempt to capture the nonmajors’ attention by having them
analyze claims they find engaging; they learn a lot about
plate tectonics, for example, by investigating the claim that a
continent, Atlantis in this case, can disappear.

The theory of evolution is, by design, reserved for the
last week of the course. By then, most students recognize
the importance of evidence and logic and critical thinking.
They have sharpened the tools in their “baloney detection
kit” (Sagan, 1996) and understand that it is not just snake-oil
salesmen who market baloney but that we are pretty good
at selling it to ourselves. With latitudes of acceptance broad-
ened, they are ready to tackle the scientific theory many find
the most discomforting of all.

METHODS

Institutional Setting

Our experiment was conducted at SHSU, a public, doctoral
research university located in Huntsville, Texas. Founded in
1879, it offers 138 bachelor’s, master’s, and doctoral degrees.
With the exception of an underrepresentation of Asians,
the ethnic composition of SHSU broadly matches that of
the United States, with 57% of its 19,000-plus students
self-reporting as Caucasian/white, 18% as Hispanic, 17%
as African American/black, 1% as Asian, and 4% as either
multiracial or other ethnicities. Two percent are classified
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as international. The average age of the institution’s under-
graduates is 22 yr. Approximately half of the students are
first-generation college students. Because the FoS course
is an open-enrollment, gen ed core science course with no
prerequisites, the demographic makeup of the course likely
represents that of the university. We compared the effective-
ness of the FoS course with several traditional introducto-
ry science courses for nonmajors taught at the university,
courses which, as gen ed survey courses, should also reflect
the demographics of the university as a whole.

Experimental Approach

We used a pretest versus posttest design to assess the effective-
ness of the FoS. Our treatment group consisted of several sec-
tions of the experimental course taught over multiple semes-
ters (Table 1). Our comparison group was composed of several
different, traditional gen ed science courses, also sampled over
multiple semesters, offered by the departments of chemistry,
physics, biology, and geography/geology (Table 1). During
the study period of Fall semester 2008 through Fall semester
2012, the average class size in each section of our experimental
FoS course was 51.75 (+1.17 SE) students; the lab/discussion
sections that accompanied the FoS course were capped at 30
students/section. Over the same period, average class size in
the traditional courses that formed our comparison group was
51.00 (£ 6.07 SE) students. All of the comparison courses also
included a lab, similarly capped at 30 students.

Assessment Tools

To examine changes in student analytical skills, we used the
Critical thinking Assessment Test (CAT) developed by the
Center for Assessment & Improvement of Learning at Ten-
nessee Tech University (TTU; Stein and Haynes, 2011; Stein
et al., 2007). The CAT exam assesses several aspects of criti-
cal thinking, including the evaluation and interpretation of
information, problem solving, creative thinking, and com-
munication. Student skills encompassed by the CAT include
their ability to interpret graphs and equations, solve basic
math problems, identify logical fallacies, recognize when ad-
ditional information might be needed to evaluate a claim,
understand the limitations of correlational data, and devel-
op alternative explanations for a claim. These aspects of the
CAT exam conform to accepted constructs that characterize
critical thinking (Facione, 1990, 2015), and align well with
those taught in the FOS course, which specifically empha-
sizes the ability to draw appropriate conclusions based on
multiple working hypotheses, evidence, and reason. The
CAT instrument consists of 15 questions, most of which are
short-answer responses. More than 200 institutions of higher
education are now using the CAT for assessing programmat-
ic changes designed to improve critical thinking among col-
lege students, permitting us to compare our results not only
with traditional gen ed science courses being taught at our
own institution but also with national norms.

To examine changes in the attitudes of students about
science in general, and controversial scientific theories in
particular, we used the Measure of Acceptance of the The-
ory of Evolution (MATE), a 20-question, Likert-scale survey
(Rutledge and Warden, 1999; Rutledge and Sadler, 2007)
that has been widely used for assessing the acceptance of
evolutionary theory among high school teachers and college
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Table 1. CAT scores in traditional versus experimental gen ed science courses, by semester

CAT CAT Pre—post Effect
Course Treatment®  Term N Design®  Incentive® pre score postscore f _  (df)  pvalue size
1 Introductory geography* T Fall 2008 36 Post only None 15.00
2 Introductory geology* T Fall 2008 40 Post only None 15.05
3 Introductory biology* T Spring 2009 37 Post only None 14.66
4 Introductory geography T Spring 2009 39 Post only None 14.91
5 Introductory environmental T Fall 2010 10 Pre and post EC 17.07 16.90 £(9) =0.232 ns
studiess

6 Introductory physics" T Fall 2011 16 Pre and post EC 13.94 14.63  #(15)=-0.696  ns
7 Introductory chemistry' T Fall 2011 25 Pre and post EC 13.16 13.68 t(24)=-0586 ns
8 FoS E Fall 2009 53 Pre and post PoC 16.03 19.77  #52)=-5.385 <0.001 +0.71
9 FoS E Spring 2010 53 Pre and post PoC 17.95 2243  #(52)=-5.872 <0.001 +0.76
10 FoS E Fall 2010 47 Pre and post PoC 15.52 1998  t(46) =-4.848 <0.001 +0.36
11 FoS E Spring 2011 69 Pre and post PoC 14.95 19.60  #(68)=-8.999 <0.001 +0.84
12 FoS E Fall 2011 25 Pre and post EC 13.41 17.75  t(24)=-3.984 <0.001 +0.85
13 FoS E Fall 2012 25 Pre and post EC 12.25 16.16  t(24)=-3.310 <0.01 +0.83

T = traditional (i.e., comparison) gen ed science course for nonmajors; E = experimental FoS course.
"Before the introduction of the FoS course in the Fall of 2009, the CAT assessment was conducted only once, at the end of the semester.

EC = extra credit; PoC = part of the course grade.
4GEOG 1301: Weather and Climate.

°GEOL 1304: Historical Geology.

‘BIOL 1308: Contemporary Biology.

sBIOL 1301: Environmental Science.

"PHYS 1305: Fundamentals of Physics.

ICHEM 1306: Inorganic and Environmental Chemistry.

iCross-listed as both BIOL 1436 and GEOG 1436: Foundations of Science.

students (Moore and Cotner, 2009; Nadelson and Souther-
land, 2010; Peker et al., 2010; Kim and Nehm, 2011; Abraham
et al., 2012).

Beginning in the Fall of 2010, approximately half the stu-
dents in each of the experimental and comparison courses
were assessed pre- and postcourse using the CAT, the other
half with the MATE. The pretests were administered during
the second week of the term, while the posttests were given
in the penultimate week of classes. Instructors teaching both
the FoS and the traditional courses agreed on identical in-
centives each semester, with the exception of Fall 2010: as no
credit (baseline data before creation of the FoS) or as extra
credit/part of the course grade thereafter (Table 1). Details
regarding how the incentive was applied are provided in the
example course syllabus in our Supplemental Materials.

All CAT exams were graded using a modified rubric that
enabled the exams to be graded quickly. These scores were
used to assign performance points to the students. A subset
of all the CAT exams from each course was randomly se-
lected for formal grading using the rubric developed by the
Center for Assessment & Improvement of Learning at TTU.
Based on the grading procedures established by the center,
graders were blind to the identity of the student, whether
an exam was a pretest or posttest, and the treatment group.
Results of the formal grading are reported herein.

The MATE was coupled with a locally developed assess-
ment not presented in this publication. Because the responses
on the MATE assessment represent personal opinions and
attitudes, no incentives were provided to students for their
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responses on the MATE, and they were informed that their
answers would not be graded. However, students were still
able to earn rewards equivalent to those of students taking
the CAT based on their performance on the locally devel-
oped assessment tool.

Assessment Reliability and Validity

Arguments regarding the effectiveness of the FoS course de-
mand both reliability and validity. While these concepts are
frequently ignored (Campbell and Nehm, 2013), researchers
who address the issues of reliability and validity often mis-
take them as required properties of one’s assessment tools
rather than, correctly, as characteristics of the interpretations
we make from the tools’ results (Cronbach and Meehl, 1955;
Messick, 1995; Brown, 2005; Campbell and Nehm, 2013). The
reliability and validity of interpretations based on the CAT
have strong evidentiary support (Tennessee Technological
University, 2010; Stein and Haynes, 2011; Stein et al., 2007,
2010).

Interpretations based on the MATE also have demon-
strated reliability and validity, at least for certain popula-
tions (Rutledge and Warden, 1999; Rutledge and Sadler,
2007). A recent study (Wagler and Wagler, 2013), however,
found the MATE lacked construct validity for Hispanic ele-
mentary education majors and questioned the utility of the
tool for assessing student acceptance of evolutionary theory.
Our results do not support this criticism, an argument we
present more fully in our Discussion.
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Statistical Analyses

Pretest versus posttest changes in student scores on the CAT
were analyzed using a matched-pairs ¢ test. Personal identi-
fiers were not available in our MATE assessments, prevent-
ing the use of a matched-pairs f test; we therefore used a less
powerful independent-samples ¢ test when analyzing the
MATE results. Assessments of end-of-semester scores in our
experimental course (the FoS) versus those in comparison
courses (traditional gen ed science courses) were also made
using f tests for independent samples, as were analyses of
our FoS results versus the national norms available from the
Center for Assessment & Improvement of Learning at TTU.
The sample data in all tests were examined for violations
of the parametric assumptions of normality and variance
equality. Where needed, t tests assuming unequal sample
variances were applied, while data violating the assumption
of normality were log-transformed. In the few cases in which
transformations failed to generate a normal distribution, we
reduced our o value from 0.05 to 0.025 (Keppel, 1982). An
analysis of covariance (ANCOVA) compared the postcourse
CAT score for the FoS course with traditional courses while
accounting for a student’s entering ability by using his or
her precourse CAT score as the covariate. The ANCOVA
assumptions of regression-slope homogeneity and treat-
ment-covariate independence were met. As a further aid to
understanding the strength of our results (Maher et al., 2013),
we also report our effect sizes (Cohen’s d). Results presented
in the text are mean + 1 SE.

Sample Sizes

CAT. We have CAT results for eight semesters (Table 1), be-
ginning in the Fall of 2008 and ending in the Fall of 2012 (the
CAT assessment tool was not used in the Spring of 2012).
A total of 475 SHSU undergraduate students have been
assessed via the CAT; 203 students representing our com-
parison group from six different traditional gen ed science
courses (with one course, introductory geography, being as-
sessed twice); and 272 students representing our experimen-
tal treatment consisting of six different semesters of our FoS
course. During the first two semesters of this experiment,
we administered the CAT once at the end of the semester,
and only in our traditional gen ed science courses, restricting
us to a “postcourse” comparison on the full data set. Begin-
ning with the first offering of our experimental course in the
Fall of 2009, we administered the CAT both at the beginning
and again at the end of the semester to three different tradi-
tional gen ed science courses and six semesters of the FoS
course, permitting us to use a more powerful “pre- versus
postcourse” evaluation comparing the effectiveness of our
experimental FoS with traditional gen ed science courses.
We also compared the CAT performance of both treatment
groups with the national norms for students attending 4-yr
colleges and universities, a database of nearly 39,300 stu-
dents available from the Center for Assessment & Improve-
ment of Learning at TTU.

MATE. We have MATE results for five semesters, beginning
in the Fall of 2010 and ending in the Fall of 2012. We have
pretest MATE scores from 1443 undergraduate students; 561
from three different traditional gen ed science courses and
882 representing five different semesters of our experimental
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FoS course. Similarly, we have posttest MATE scores from
1250 undergraduates, with 417 representing the three tra-
ditional courses and 833 from the five semesters of the FoS
course.

RESULTS
Critical Thinking

FoS Experiment versus Traditional Gen Ed Science
Courses. Our results are robust and consistent; quite simply,
students who complete the experimental FoS course show
significant improvement in their critical-thinking skills, as
measured by the CAT, while students who complete a tra-
ditional gen ed science course do not. In no semester, for
example, did students completing a traditional course show
improvement in their critical-thinking scores (all p values >
0.49; Table 1), while students completing the experimental
course showed highly significant improvement each semes-
ter (all p values < 0.01, Cohen’s d typically > 0.70; Table 1). An
analysis of pooled end-of-course (posttest only) CAT scores
for all six semesters of the FoS course (Table 1, rows 8-13)
versus the pooled posttest CAT scores for all six tradition-
al gen ed science courses (Table 1, rows 1-7) reinforce this
finding; students completing the FoS course scored signifi-
cantly higher (19.76 + 0.35) than did students completing a
traditional (14.83 = 0.37) introductory science course for non-
majors (£(473) = 4.93, p < 0.001, Cohen’s d = 0.89; Figure 1A).
A comparison of our pooled pre- versus posttest CAT scores
for all six semesters of the FoS course (Table 1, rows 8-13)
versus the pooled CAT scores for the three different gen ed
science courses (introductory environmental studies, intro-
ductory physics, and introductory chemistry) for which we
had pre- and postcourse CAT test scores (Table 1, rows 5-7)
show similar results. Students who completed the FoS course
showed highly significant improvement in critical thinking
(pretest = 15.45 + 0.34, posttest = 19.76 + 35; +(271) = 13.43,
p <0.001, Cohen’s d = 0.76), while there was no change in the
critical thinking scores for students completing a traditional
course (pretest = 14.17 + 0.64, posttest = 14.61 * 0.72; £(50) =
0.80, p = 0.43; Figure 1B).

The slightly higher pretest CAT scores for students in the
experimental course relative to students taking a traditional
course (15.45 vs. 14.61, respectively, Figure 1B) might suggest
the significant pre versus post improvement in the former
represents a cohort rather than a treatment effect; that is, stu-
dents selecting an experimental course like FoS may possess
better critical-thinking skills to begin with, generating more
improvement over the course of a semester regardless of the
science course. To assess this, we ran an ANCOVA on the
postcourse CAT scores using each student’s precourse CAT
score as a covariate. Results adjusting for each student’s en-
try-level critical-thinking ability still showed a highly signif-
icant effect of our experimental treatment (Figure 1C). That
is, students who complete the FoS course show significantly
better postcourse CAT scores than their peers who complete
a traditional course, even when differences in students’ pre-
course critical-thinking abilities are taken into account (mean
adjusted postcourse critical-thinking score in the FoS course
experimental course = 19.64 * 0.65, mean adjusted postcourse
critical-thinking score in traditional courses = 15.26 * 0.28;
F(1, 320) = 38.29, p < 0.001, Cohen’s d = 0.339).
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Figure 1. Students who complete the experimental FoS course show
significant improvement in their critical-thinking scores, as mea-
sured by the CAT, while students who complete a traditional gen ed
science course do not. Histograms show means + 1 SE. (A) Pooled
end-of-course (posttest) CAT scores for all six semesters of the FoS
course (Table 1, rows 8-13) vs. the pooled posttest CAT scores for all
six traditional gen ed science courses (Table 1, rows 1-7). (B) Pooled
pre- vs. posttest CAT scores for all six semesters of the FoS course
(Table 1, rows 8-13) vs. the pooled CAT scores for the three different
gen ed science courses (introductory environmental studies, intro-
ductory physics, and introductory chemistry) for which we had pre-
and postcourse CAT test scores (Table 1, rows 5-7). (C) Posttest CAT
scores adjusted by pretest CAT scores for the same data set used in B.

Lower- versus Upper-Division Students and Comparison
with National Norms. Analyzing our results by class stand-
ing not only presents a more detailed picture of where our
intervention might be most effective but also permits a com-
parison with national norms. We have pre- and posttest CAT
scores for 166 students who completed the FoS course when
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they were freshmen or sophomores (i.e., lower-division
students), and for 106 students who completed the course
when they were juniors or seniors (i.e., upper-division stu-
dents). Lower-division students enrolling in the FoS course
have significantly higher pretest CAT scores (14.80 + 0.40)
than do lower-division students nationally (13.66 + 0.05,
t(165) = 2.827, p < 0.01, Cohen’s d = 0.22) and highly sig-
nificantly better CAT scores (19.54 + 0.41, t(165) = 14.305,
p < 0.001, Cohen’s d = 1.13) in their posttest CAT at the end
of the semester. Indeed, the average posttest CAT score for
lower-division FoS students is comparable to the national
mean (19.04 + 0.05) for upper-division (junior/senior) stu-
dents (t,, = 1.063, p = 0.289; Figure 2A).

The results for our upper-division students are quite
different. Pretest and posttest CAT scores of upper-di-
vision FoS students (again pooled over all six semesters,
rows 8-13 in Table 1) compared with national norms
show that upper-division FoS students have pretest CAT
scores (16.48 + 0.60) significantly below the national aver-
age (19.04 *+ 0.05) for juniors and seniors (t(105) = —4.287,
p <0.001, Cohen’s d = —0.42); this deficit is erased, however,
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Figure 2. Non-science students selecting to enroll in one of their
gen ed science courses as entry-level freshmen or sophomores may
represent a different subset of students than those who delay tak-
ing such core courses until they are juniors or seniors, but both co-
horts show highly significant improvement in their critical-thinking
ability after completing the FoS course. Histograms show means +
1 SE. (A) Pretest and posttest CAT scores of lower-division (LD; i.e.,
freshman/sophomore) FoS students (pooled over all six semesters,
rows 8-13 in Table 1) compared with national norms. (B) Pretest and
posttest CAT scores of upper-division (UD; i.e., junior/senior) FoS
students (again pooled over all six semesters, rows 8-13 in Table 1)
compared with national norms.
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Table 2. MATE scores in traditional versus experimental gen ed science courses, by semester

Pre Post
Pre—post  Effect
Course Treatment®  Term N  MATEscore N  MATE score t e @) p value size
1 Introductory environmental T Fall 2010 33 70.64 28 68.00  £(59)=0.579 ns
studies®

2 Introductory physics T Fall 2011 129 67.25 92 66.48  1(219)=0.423 ns
3 Introductory chemistry T Fall 2011 399 64.18 297 64.13  #(694)=0.047 ns
4 FoSe E Fall 2010 136 64.57 137 74.15  #(265) =-5.940f <0.001 +0.72
5 FoSe E Spring 2011 143 68.39 136 76.21  t(277)=-4.792 <0.001 +0.57
6 FoS® E Fall 2011 233 67.31 216 78.46  1(447)=-8.678 <0.001 +0.82
7 FoSe E Spring 2012 239 66.30 226 76.16  1(463)=-7.914 <0.001  +0.73
8 FoSe E Fall 2012 131 63.17 118 69.25  1(247) =-3.396 =0.001 +0.43

°T = traditional (i.e., comparison) gen ed science course for nonmajors; E = experimental FoS course.

BIOL 1301: Environmental Science.
‘PHYS 1305: Fundamentals of Physics.
4CHEM 1306: Inorganic and Environmental Chemistry.

¢Cross-listed as both BIOL 1436 and GEOG 1436: Foundations of Science.
‘This comparison required a t test for unequal sample variances: the adjusted df = 264.94.

after one semester in our experimental course (posttest FoS
CAT =20.12 £ 0.63; £(105) = 1.717, p = 0.090; Figure 2B).

Student Acceptance of the Theory of Evolution

Results on the MATE parallel those from the CAT; in no se-
mester did students completing a traditional course show
improvement in their acceptance of evolutionary theory (all
p values > 0.27; Table 2), while students completing the exper-
imental course showed highly significant improvement each
semester (all p values < 0.001, all Cohen’s d > 0.43; Table 2).
A pooled analysis comparing students across all semesters in
the experimental course with students from the three differ-
ent traditional courses further highlights the success of the ex-
perimental approach; students who completed the FoS course
showed highly significant improvement in their acceptance

80 1
p < 0.001 L] preest
t-t

Q 75 [l rosttest
O
O
w 70 4
LLl
[ n.s.
< 65 .
=

60

Experimental (FoS) Traditional

Figure 3. Students who complete the experimental FoS course
show a significant increase in their acceptance of evolution, as mea-
sured by the MATE, while students who complete a traditional gen
ed science course do not. Pooled pre- vs. posttest MATE scores for
five semesters of the FoS course (Table 2, rows 4-8) vs. the pooled
MATE scores for the three different gen ed science courses (intro-
ductory environmental studies, introductory physics, and introduc-
tory chemistry) for which we had pre- and postcourse MATE scores
(Table 2, rows 1-3). Histograms show means + 1 SE.
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of evolution (pretest = 66.17 + 0.45, posttest = 75.45 + 0.49;
£(1686.15) =13.93, p < 0.001, Cohen’s d = 0.67), while there was
no change in the acceptance of evolution for students com-
pleting a traditional course (pretest = 65.27 * 0.56, posttest =
64.91+0.71; £(976) = 0.40, p = 0.69; Figure 3).

DISCUSSION
Critical Thinking

Our results demonstrate that an introductory, gen ed science
course for nonmajors, a course focusing on the nature of
science rather than just its facts, can lead to highly signifi-
cant improvements, with large effect sizes, in the ability of
college students to think critically. Most college courses do
not significantly improve CAT performance in a pre/post
design; substantive gains are typically observed only at the
program/institutional level (Center for Assessment & Im-
provement of Learning, TTU, unpublished data). Moreover,
results from more than 200 institutions using the CAT show
the average improvement in critical thinking observed over
4 yr of a typical undergraduate curriculum is 26% (Harris
et al., 2014); students who successfully completed the FoS
course improved their CAT scores by almost 28% (15.45
vs. 19.76; Figure 1B). In short, students who complete a
single-semester FoS course demonstrate levels of improve-
ment in their critical-thinking skills typically requiring mul-
tiple years of college experience, demonstrating that it is
possible to teach higher-order thinking skills to nonmajors
in a single science course they are required to take, many
begrudgingly.

A finer-grained analysis of our results further illustrates
the need to rethink how we are teaching our gen ed science
courses. The pretest CAT score for our lower-division stu-
dents, pooled over all six semesters, was significantly higher
than the national average for this age group (Figure 2A).
By the end of the semester, our lower-division students’
critical-thinking scores moved well beyond the national
norm for freshmen/sophomores and were comparable to
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the CAT scores achieved by juniors and seniors nationwide
(Figure 2A). This is the good news.

The pattern for our upper-division students, however,
is more worrisome, as their pretest CAT average is signifi-
cantly lower than the national mean for juniors and seniors
(Figure 2B). Given that our lower-division students start with
significantly better CAT scores than their peers nationally,
results showing that our juniors and seniors are significantly
worse (before taking the FoS course) than their countrywide
counterparts might suggest our institutional curriculum
degrades rather than improves a student’s critical-thinking
skills. An alternative interpretation is that the non-science
students who choose, as freshmen or sophomores, to take
one of their science requirements, especially an experimental
course like the FoS course, represent a cohort different from
the students who delay taking their core science courses
until near the end of their undergraduate careers. The for-
mer may be less science-phobic than the latter and, thus,
more practiced at and receptive to evidentiary thinking. If
this interpretation is correct, as science educators, we need
to embrace pedagogies that connect with our more anxious
students, lest their experiences further alienate them from
science as a way of knowing. The approaches adopted in
the FoS course may be part of the solution, as the significant
deficit in critical thinking we observe in upper-division stu-
dents, compared with national norms, is gone by the end of
the semester (Figure 2B).

Student Acceptance of Evolutionary Theory

Results also demonstrate that our experimental course led to
significant improvements, again with large effect sizes, in the
willingness of students to engage with the theory of evolu-
tion. But to what degree? Rutledge and Sadler (2007), authors
of the MATE, have identified five levels of acceptance associ-
ated with their instrument: very high (89-100), high (76-88),
moderate (65-75), low (53-64), and very low (<52). At the
beginning of the semester, students in the FoS course exhib-
ited, on average, borderline low to moderate (66.17 + 0.45)
scores on the MATE, improving to the boundary between
moderate and high acceptance by the end of the course
(75.45 + 0.49). While we hoped for greater improvement, the
end-of-course MATE scores for FoS students are comparable
with those of both high school biology teachers in Indiana
(77.59 * 0.84; Rutledge and Warden, 2000) and preservice
high school science teachers in Korea (73.79 * 1.00; Kim and
Nehm, 2011). A study of introductory biology students (both
majors and nonmajors) attending a public university in
Wisconsin who completed a special module exploring mac-
roevolution and its misconceptions (Abraham et al., 2012),
also employing a pretest versus posttest design, deserves
special mention given the similarities to our experiment. The
average postintervention MATE score for the Wisconsin stu-
dents (75.0 £ 0.52) was similar to the average post-FoS MATE
score for students in this study (75.45 * 0.49). The preinter-
vention scores for students in the two studies, however, were
dramatically different (70.8 + 1.14 for nonmajors, 73.0 + 0.58
for majors in the Wisconsin study; 66.17 + 0.45 for the non-
majors in this study), as were the effect sizes of the two inter-
ventions (Cohen’s d for Wisconsin = 0.19; Cohen’s d for this
study = 0.67). The similarities in postintervention scores giv-
en the dissimilarities in preintervention scores of these two
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comparable studies suggest we have much to learn about
the factors influencing student acceptance of evolutionary
theory. To contribute, we plan additional analyses, mining
our database to examine the effects of gender, ethnicity, high
school grade point average, and student attitudes on the
MATE and on the CAT.

Instructors (who are also colleagues and friends) in the
traditional gen ed science courses that served as our com-
parison group were disappointed their students showed no
improvement in critical thinking after a semester of science.
But, they argued reasonably, why should we expect student
acceptance of evolutionary theory to improve in introduc-
tory gen ed chemistry or physics classes, given that biolog-
ical evolution is not discussed in such courses? Four points
are relevant, the last being most important. First, we suggest
that all college graduates, science majors or not, should ap-
preciate how the term “theory,” used scientifically, differs
from its conversational definition. Second, evolutionary
theory was covered in the environmental studies course
(Table 2) in which we used the MATE, yet students still failed
to demonstrate improvement in their acceptance of the the-
ory in this traditionally taught gen ed science course. Third,
even though evolution is a topic we address explicitly in the
FoS course, it is covered during the last week of the semester,
the week following the posttest administration of the MATE.

The most important issue, however, relates to what the
MATE may be measuring. Several authors have argued that
the MATE more likely measures an individual’s knowledge
about evolution rather than his or her acceptance of the
theory (Smith, 2010a; Wagler and Wagler, 2013). And while
it is generally presumed that some content knowledge is
required for a student to accept evolution as the best expla-
nation of biological diversity, evidence also suggests that
dispositional change may be required before a student is
willing to entertain the theory (Sinatra et al., 2003; Smith,
2010a,b). Whether the MATE measures an individual’s
content knowledge about evolution or his or her disposi-
tion toward the theory is beyond the scope of this analysis.
Our results, however, are robust; a course focusing on the
nature of science and applying SJT leads to significantly
improved engagement of the non-science college student
with evolution (see also Pigliucci, 2007; Lombrozo et al.,
2008).

Assessment Validity, Revisited

Wagler and Wagler (2013) criticized the construct validity
and, thus, the generalizability of the MATE for popula-
tions other than the high school teachers used to originally
test the tool’s validity (Rutledge and Warden, 1999). The
Waglers found, for example, that the MATE lacked con-
struct validity for their sample of Hispanic college students
majoring in elementary education. Construct validity is the
degree to which a test actually measures the mental attri-
bute it claims to measure (Brown, 2000); for the MATE, the
attribute is thought to be an individual’s acceptance of the
theory of evolution (Rutledge and Warden, 1999). One tech-
nique for assessing construct validity uses factor analyses
with structural equation modeling to identify the number
of dimensions of the construct; if a significant unifying di-
mension or dimensions cannot be identified, the tool may
be suspect; this was the approach used to demonstrate that
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the MATE lacked construct validity for preservice teachers
(Wagler and Wagler, 2013). We applied the same technique
to our MATE results and similarly found that no model,
either uni- or multidimensional, could be fitted to the data
(unpublished data). But researchers should never rely on a
single method for assessing the validity of their interpre-
tations (Cronbach and Meehl, 1955; Messick, 1995; Brown,
2000, 2005; Campbell and Nehm, 2013). Two related exper-
imental approaches for assessing the construct validity of a
test are intervention studies and differential-groups studies
(Cronbach and Meehl, 1955; Messick, 1995; Brown, 2000,
2005). In the former, a group is tested before and following
their exposure to the construct; significant improvement
demonstrates the construct validity of the intervention. Dif-
ferential-groups studies employ two groups, one presented
with the construct, the other not; significantly better scores
by the informed group similarly demonstrate the validity
of the training. We used both approaches in this study; the
“construct” was a novel gen ed science course (the FoS) fo-
cusing on the nature of science rather than just its facts (for
more details please see “Expanded Course Rationale and
Structure” in our Supplemental Materials). Students who
completed the training demonstrated, over multiple sec-
tions of the course spanning multiple years, highly sig-
nificant improvement both in their critical-thinking skills
(as measured by the CAT; Table 1 and associated figures)
and in their willingness to engage the theory of evolution
(assessed with the MATE; Table 2 and associated figures).
Students who did not receive this training, those who
instead completed a traditional gen ed science course,
showed no improvement on either metric. While validity is
never absolute (Messick, 1995; Brown, 2005; Campbell and
Nehm, 2013), we argue that the power and consistency of
our results are strong validation of the success of the inter-
vention.

CONCLUSIONS

Students completing the FoS course significantly improve
their critical-thinking skills. Given the ineffectiveness of
gen ed sciences courses in particular (Impey et al., 2011,
2012) and the college curriculum more broadly (Arum and
Roksa, 2010, 2014) to produce such change, we are proud
to share our successes. But we recognize the improvements
we demonstrate, in both critical thinking and in the will-
ingness of students to engage with scientific ideas they
often reject, are a snapshot in time, an improvement over
a single semester. Our hope, of course, is that students
completing an experimental course like the FoS would,
upon graduation, be more scientifically literate as adults,
that they would understand and value science as a way of
knowing, and that they could digest a science-related story
in the Washington Post (Miller, 1998). As a single litmus test,
would it not be wonderful if all college graduates, not just
our science, technology, engineering, and mathematics stu-
dents, had the confidence and the ability to make intelligent
decisions about whether or not to vaccinate their children?
We all depend on an educated citizenry with the skills to
make, quite literally, just such life-and-death decisions. We
must design and teach our nonmajors science courses to-
ward this end.
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