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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’ 
scienti�c knowledge or mitigate their acceptance of pseudo-
scienti�c claims (Walker et 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 scienti�cally illit-
erate (Hazen, 2002); that is, they do not understand science 
as an empirically based method of inquiry, they lack knowl-
edge of fundamental scienti�c 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 
de�ciencies 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 scienti�c literacy similarly provides insight into 
the public (though not scienti�c) 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; Of�t, 2011). In 
short, there appears to be a gap between a fundamental goal 
of science education, to produce scienti�cally 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 identi�ed causes of the impotency of science 
courses, especially the introductory courses taken by the 
majority of college students, are their tendency to focus on 
scienti�c “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 scienti�c 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 
signi�cant pedagogical improvements for students majoring 

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 scienti�c 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 reaf�rmation 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—de�ned 
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 scienti�c literacy. 
Scienti�c 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, �-
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 �nds 
interesting, including astrology, homeopathy, Bigfoot, and 
even intelligent design. But aren’t these ideas just pseudosci-
enti�c nonsense? Of course, but students need to understand 
why they are pseudo rather than real science, and critical 
thinking/scienti�c 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 scienti�c or pseudoscienti�c.

Integrating Content with Process
While there has been a clarion call for teachers to focus more 
on scienti�c process and less on scienti�c 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; Tre�l 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 speci�cally 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 
Wake�eld et al.’s (1998) paper, the proverbial match that lit 
the current �restorm of antivaccine hysteria (Mnookin, 2011; 
Of�t, 2011). After dissecting Wake�eld’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 scienti�c 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 �ndings 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 scienti�c “�ndings” 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 scienti�c facts with scienti�c 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 

exercises to demonstrate the malleability and fallibility of 
memories. Critical thinking requires we recognize that our 
perceptions and our memories may be �awed.

The second barrier starts once perceptions and memories 
have solidi�ed 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-
�rmation 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 et 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 �nd 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, come  Tw 0 -1i9lar to a person’s cur
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as international. The average age of the institution’s under-
graduates is 22 yr. Approximately half of the students are 
�rst-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 re�ect 
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 speci�cally 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 scienti�c 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 

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 scienti�c literacy, 
evidence, and critical thinking are good things, because they 
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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 �ve 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 
signi�cant 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 signi�cant 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 
�nding; students completing the FoS course scored signi�-
cantly higher (19.76 ± 0.35) than did students completing a 
traditional (14.83 ± 0.37) introductory science course for non-
majors (t(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 signi�cant improvement in critical thinking 
(pretest = 15.45 ±
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of evolution (pretest = 66.17 ± 0.45, posttest = 75.45 ± 0.49; 
t(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; t(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 signi�-
cant improvements, with large effect sizes, in the ability of 
college students to think critically. Most college courses do 
not signi�cantly 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 �ner-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 signi�cantly 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 

Figure 3.  Students who complete the experimental FoS course 
show a signi�cant 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 
�ve 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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comparable studies suggest we have much to learn about 
the factors in�uencing 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 scienti�cally, differs 
from its conversational de�nition. 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 signi�cantly 
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 signi�cant unifying di-
mension or dimensions cannot be identi�ed, the tool may 
be suspect; this was the approach used to demonstrate that 

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 signi�-
cantly lower than the national mean for juniors and seniors 
(Figure 2B). Given that our lower-division students start with 
signi�cantly better CAT scores than their peers nationally, 
results showing that our juniors and seniors are signi�cantly 
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 
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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 �tted 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; signi�cant improvement 
demonstrates the construct validity of the intervention. Dif-
ferential-groups studies employ two groups, one presented 
with the construct, the other not; signi�cantly 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-
ni�cant improvement both in their critical-thinking skills 
(as measured by the CAT; Table 1 and associated �gures) 
and in their willingness to engage the theory of evolution 
(assessed with the MATE; Table 2 and associated �gures). 
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