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ABSTRACT

We developed and validated the Conceptual Assessment of Natural Selection (CANS), a
multiple-choice test designed to assess how well college students understand the cen-
tral principles of natural selection. The expert panel that reviewed the CANS concluded
its questions were relevant to natural selection and generally did a good job sampling the
specific concepts they were intended to assess. Student interviews confirmed questions on
the CANS provided accurate reflections of how students think about natural selection. And,
finally, statistical analysis of student responses using item response theory showed that the
CANS did a very good job of estimating how well students understood natural selection.
The empirical reliability of the CANS was substantially higher than the Force Concept
Inventory, a highly regarded test in physics that has a similar purpose.

INTRODUCTION

One of the most striking features of life on Earth is how well-suited organisms are for
the environments they inhabit. Polar bears have white fur that provides camouflage on
ice; lions have claws and teeth that allow them to catch prey; and anteaters have long
tongues that help them feed on ants living underground. Such adaptations are familiar
to everyone but historically were difficult for scholars to explain. Until the 19th cen-
tury, the prevailing explanation for these traits was that they were given to organisms
by a designer (e.g., Paley, 1802). In the early 19th century, Lamarck (1809) provided
an alternative explanation that proved incorrect, and then in the mid-19th century,
Darwin (1859) developed the explanation that is accepted by biologists today: species
are adapted to their environments because individuals possessing traits most suited to
those environments are more likely to survive and pass those traits to their offspring.
This is the core concept of natural selection and one of the most important ideas in
biology (Dobzhansky, 1973).

One of the remarkable features of natural selection is how simple it is. Coyne
(2009, p. xvi) described it as “staggeringly” simple. Chown (2013) called it “breathtak-
ingly” simple. And when Huxley first heard it, he famously remarked, “How extremely
stupid [of me] not to have thought of that!” (Huxley, 1887). This simplicity suggests
that natural selection should be easy to teach. Some faculty seem to believe this. For
example, at our university, an award-winning biology professor recently remarked
that natural selection “takes only thirty seconds to teach”!

Decades of research show this opinion could not be more wrong: natural selection
is one of the most difficult topics in biology to teach (e.g., Bishop and Anderson, 1990;
Nehm and Reilly, 2007; Andrews et al., 2011). It may be tempting to blame religion,
but this does not seem to be the case (Bishop and Anderson, 1990; Demastes et al.,
1995; Ingram and Nelson, 2006). Usually, the main challenge instructors face while
teaching natural selection is student misconceptions (for a review, see Gregory, 2009).
By “misconception,” we mean an understanding or explanation for a scientific concept
that differs from what is known to be scientifically correct (National Research Council,
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2012, p. 58). Students have diverse misconceptions about nat-
ural selection, but most are variations of the belief that evolu-
tion occurs because individual organisms adapt during their
lifetimes (Brumby, 1984; Bishop and Anderson, 1990;
Bardapurkar, 2008; Nehm and Schonfeld, 2008). Students
believe organisms change because they need to change, because
organisms use or do not use body parts, or because organisms
are affected by their environment—and that these changes
cause evolution. Such misconceptions are remarkably resistant
to instruction. Even when instructors use lessons carefully
designed to help students restructure their understanding of
natural selection, many students retain at least some of their
misconceptions (Nehm and Reilly, 2007; Andrews et al., 2011;
see also Table 1).

Because misconceptions regarding natural selection are
common and resistant to instruction, instructors need to care-
fully monitor how students think about natural selection. This
is not easy for instructors to do: students think about natural
selection in complex ways. For example, a student may under-
stand how cheetahs evolved to run fast but not how whales lost

TABLE 1. Questions on the CANS organized by concept and form

their hind limbs (Andrews et al., 2011; Nehm and Ha, 2011).
Or a student might understand selection in plants but not ani-
mals. Such misunderstandings will not be evident unless a stu-
dent is asked the right question. Instructors and researchers,
therefore, need carefully designed instruments to assess how
students understand natural selection.

We believe that an instrument seeking to accurately assess
how well students understand the basic process of natural selec-
tion should have at least three characteristics. First, the instru-
ment should be able to detect as many misconceptions as possi-
ble (Nehm and Schonfeld, 2008). We will not review all the
misconceptions regarding natural selection that have been doc-
umented (see Gregory, 2009), but they are many—and some
have received little study. Second, a well-designed instrument
should include questions relating to as many evolutionary con-
texts as possible. By “context,” we mean a biological feature of a
question that influences the way students think about it in a way
that is different from how an expert would think about it. For
example, students often explain the evolutionary origin of new
traits differently than the loss of traits (Nehm and Ha, 2011).

Proportion correct Factor loading

Question number. Species: Description of question Pre Post Within Across
Evolution

1. Anteater: Trait gain (long tongue) 0.68 0.94 0.76 0.66
15. Saguaro: Trait gain (long roots) 0.59 0.87 0.77 0.79
21. Mosquito: Trait gain (pesticide resistance) 0.46 0.76 0.89 0.98
7. Anteater: Trait loss (teeth) 0.21 0.62 0.75 0.75
24. Mosquito: Trait loss (pesticide resistance) 0.24 0.51 0.77 0.77
10. Bowhead: Describe evolutionary changes (thick skull)® 0.76 0.96 0.78 0.73
9. Bowhead: Role of environment in evolution (blubber) 0.68 0.96 0.87 0.84
17. Saguaro: Role of individual change in evolution (waxy skin) 0.17 0.51 0.95 0.88
Mutation

5. Anteater: Origin of beneficial trait (claws) 0.48 0.74 0.93 0.93
19. Saguaro: Origin of beneficial trait (spines) 0.42 0.68 0.98 0.95
11. Bowhead: Properties of mutations 0.27 0.60 0.90 0.89
23. Mosquitoes: Properties of mutations 0.22 0.57 0.93 0.93
Inheritance

3. Anteater: What traits are inherited?? 0.47 0.53 0.34° 0.80
8. Anteater: Effect of use on next generation (tongue) 0.56 0.90 0.99 0.85
14. Bowhead: Comparing parents to offspring (skull) 0.38 0.72 0.60 0.65
22. Mosquitoes: Effect of environment on next generation 0.20 0.57 0.85 0.86
Selection

2. Anteater: Environmental stress (food shortage) 0.66 0.78 0.97 0.89
16. Saguaro: Environmental stress (drought) 0.81 0.93 0.98 0.73
6. Anteater: Competition in an ideal environment 0.27 0.40 0.24° 0.19°
12. Bowhead: Exponential growth in empty habitat (graph) 0.28 0.48 0.84 0.27°
20. Saguaro: Role of chance in evolution (seed dispersal) 0.65 0.73 0.99 0.09®
Variation

4. Anteater: What traits vary? 0.53 0.69 0.50 0.24°
13. Bowhead: Cause of variation 0.72 0.81 0.56 0.05°
18. Saguaro: Describe variation? 0.64 0.82 0.49° 0.24°

Columns “Pre” and “Post” show the proportion of students pre- and postinstruction who answered the question correctly. The last two columns specify factor loadings
in IRT analyses. “Within” refers to factor loadings restricted to each set of questions (Figure 4). “Across” refers to factor loadings for IRT analyses when 24 all questions

were included in a one-dimensional IRT analysis (Figure 5).
2Adapted from the CINS.
bFactor loading < 0.5.
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There has not been a lot of research on what evolutionary con-
texts students view as important, but we assume there are many.
Third, a well-designed instrument should assess important con-
cepts using questions that have a variety of forms (see Spiro
et al., 1988). By “form,” we mean a type, structure, or format of
a question for assessing a concept (examples are given within
the text). This should help ensure that results are not strongly
influenced by the way questions are constructed.

A few instruments are currently available to assess how
students think about natural selection (Bishop and Anderson,
1990; Anderson et al., 2002; Nehm et al., 2012). The two
most influential are the CINS (Conceptual Inventory of Natu-
ral Selection; Anderson et al., 2002) and the ACORNS
(Assessing Contextual Reasoning about Natural Selection;
Nehm et al., 2012). The CINS is a 20-question, multiple-choice
test designed to assess 10 concepts related to natural selec-
tion. The distractors for these questions were crafted to
appeal to students having a variety of misconceptions.
ACORNS questions are open response and all have the same
form. Here is an example: “How would biologists explain
how a living bed bug species with resistance to a pesticide
evolved from an ancestral bed bug species that lacked resis-
tance to the same pesticide?” Student responses are graded
according to how students incorporate six concepts in their
response and whether students show signs of three common
misconceptions. Instructors can select from many taxa and
traits to make questions.

The CINS and ACORNS have been valuable for studying
how students think about evolution and are useful for the pur-
poses for which they were designed. However, they do not
satisfy the three criteria we described above for thoroughly
assessing how students think about the core principles of natu-
ral selection. The CINS does not do this, because it was designed
to be broad rather than deep. It assesses 10 concepts, which
means it has only two questions per concept. Furthermore, the
CINS was not designed to assess evolutionary reasoning in mul-
tiple contexts. In addition, there is very little variation in the
form among the questions. The ACORNS shares this last limita-
tion. All of its questions have the same form.

We have developed a new instrument, the CANS (Concep-
tual Assessment of Natural Selection; see the Supplemental
Material), to assess how well students in introductory college
biology courses understand the basic process of natural selec-
tion. The CANS is a 24-question, multiple-choice instrument
that assesses five concepts related to natural selection: variation,
selection, inheritance, mutation, and how these concepts work
together to cause evolution (Table 1). The CANS was designed
to assess core concepts that are most closely related to under-
standing natural selection. Related topics such as extinction or
speciation were not included. Nor does the CANS include ques-
tions on advanced topics such as sexual selection, evolutionary
constraints to adaptation, or the molecular basis of evolution.
An important feature of the CANS is that it asks students to
explain the evolutionary origins of traits that are obvious adap-
tations—but that students might attribute to non-Darwinian
causes of evolution associated with common misconceptions.
For example, the CANS asks students to explain how anteaters
evolved long tongues because students might plausibly believe
anteaters evolved long tongues by constantly stretching their
tongues into anthills.
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The goal of the work presented here was to evaluate the
validity of the CANS. That is to say, we sought to assess how
well the CANS measures the extent to which introductory biol-
ogy students understand the basic process of natural selection.
We followed commonly accepted standards to collect validity
evidence (American Educational Research Association,
American Psychological Association, and National Council on
Measurement in Education, 2014, cited hereafter as AERA
et al., 2014). This included review by an expert panel, student
interviews, and statistical analysis of student responses. As we
present it below, this body of evidence supports the validity of
the CANS as an assessment of how individual introductory biol-
ogy students think about core concepts relating to natural
selection.

AN OVERVIEW OF THE CANS

The CANS (see the Supplemental Material) assesses how stu-
dents think about five concepts related to natural selection:
variation, selection, inheritance, mutation, and evolution.
Defining these concepts in a manner that creates a meaningful
taxonomy of natural selection is not easy. Each of these con-
cepts has multiple components or is related to other concepts in
ways that are difficult to represent (Figure 1). Therefore, it is
probably most productive to think of these concepts as constel-
lations of ideas that are related in complex ways. We dealt with
this complexity by writing “core” definitions (discussed in the
following paragraphs) for each concept, and then identifying
other concepts students should know in order to reason effec-
tively about natural selection (Figure 1). Once we did this, we
wrote questions for the CANS that attempted to assess the net-
work of concepts in a reasonable way.

The CANS has a relatively simple structure (Table 1). It is
divided into four parts; each part asks questions relating to a
different species: anteaters, bowhead whales, saguaro cacti,
and mosquitoes (Table 1). These four species were chosen
because they offered opportunities to ask students questions
relating to a variety of evolutionary contexts that might influ-
ence student thinking. Anteaters were chosen because they
provide an opportunity to expose misconceptions regarding
use and disuse. Bowhead whales were chosen to expose mis-
conceptions regarding the effect of the environment. Saguaro
cacti provide an opportunity to explore student thinking
about plants. And, finally, mosquitoes provide an opportunity
to explore how students think about resistance to disease or
pesticides.

Three questions on the CANS assess variation. We defined
variation as the concept that the phenotypes of individuals for
most traits vary in populations. Here is a question that assesses
this in a direct manner (correct answer underlined):

4. A biologist captures ten healthy, adult male anteaters and
compares them to each other. Which of the following traits are
likely to be different among the anteaters?

a. The length of the femur (“thigh”) bone.

b. The rate at which their livers break down toxins naturally
found in ants.

The stickiness of the saliva on the tongues of anteaters.
Two of the above.

e. a,b,and c

= - - =

an
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If resources are available, populations
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SELECTION, and INHERITANCE are present

FIGURE 1. The concept map of natural selection used to guide development of the CANS. Concepts in boxes with a bold border are core
concepts. Concepts in boxes with a dashed line are not assessed on the CANS.

The other two variation questions on the CANS assess this
concept but also incorporate additional concepts. Question
13 assesses whether students understand that the phenotypes
of individuals vary and that this variation is influenced by
both genes and the environment. Question 18 assesses
whether students recognize that phenotypic variation among
individuals affects the ability of individuals to survive and
reproduce.

Five questions on the CANS assess how students think
about selection. We defined selection as the concept that the
survival and reproduction of individuals is often affected by
their phenotype. Question 16 assesses this concept in the most
direct manner:

16. During the time period saguaro cacti were evolving to their
current form, there were years with very little rain. What likely
happened to the saguaro cacti during the driest years?

a. The saguaro cacti managed to obtain the water they
needed.

b. Saguaro cacti with the shortest roots died.

c. The saguaro cacti survived with less water than normal.

d. The saguaro cacti grew longer roots.

The CANS also includes questions relating to competition
(question 6), the role of chance in evolution (question 20), and
exponential growth (question 12). These concepts do not appear
to be as closely connected to the core concepts of natural selection
as other concepts on the CANS (see the Results section), so there
is only one question on the CANS for each of these concepts.

15:ar64, 4

Four questions on the CANS assess inheritance. We defined
inheritance as the concept that offspring inherit genes from
their parents and therefore tend to be phenotypically similar.
The inheritance questions on the CANS include three forms.
The simplest of the inheritance questions assesses whether stu-
dents recognize offspring tend to have phenotypes similar to
their parents. Here is the question:

14. Consider a baby whale born during the time the ancestors
of modern bowhead whales were evolving thicker skulls.
When this whale grows up, how will its skull compare to the
skulls of its parents?

a. When the baby whale grows up, its skull will probably be
slightly thicker than the skulls of its parents.

b. When the baby whale grows up, its skull will probably be
similar to its parents.

c. When the baby whale grows up, its skull will probably be
slightly thinner than the skulls of its parents.

d. Skull development is affected by many factors, so we can-
not predict how this whale’s skull will grow.

Two of the inheritance questions assess whether students
understand that genes are not changed by use/disuse or by the
environment. Here is one of those questions:

22. Consider a female mosquito that was exposed to DDT
during the years a population was evolving resistance to DDT.
She survives and later lays a cluster of eggs. How will her
exposure to DDT likely affect her offspring?
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a. Her exposure to DDT will give her offspring increased
resistance to DDT.

b. Her exposure to DDT will have no effect on her offspring.

c. The effect on her offspring of her exposure to DDT cannot
be predicted.

Finally, the inheritance questions on the CANS includes a
question (3) that assesses whether students realize that repro-
ducing organisms pass on genetic traits regardless of whether
the trait is beneficial or harmful.

Four questions on the CANS relate to mutation. We defined
mutation as the concept that genetic changes to individuals are
caused by random genetic mistakes, are generally are not influ-
enced by the environment, and are usually deleterious. Two
mutation questions ask how new traits originated. Here is one
of these questions:

19. The ancestors of modern saguaro cacti did not have long
and sharp spines. Consider the first ancestor of saguaro cacti
to grow spines that were as long and sharp as the spines on
saguaro cacti living in Arizona today. Why did this cactus grow
such sharp spines?

a. It was fortunate a genetic mistake gave it extra sharp
spines.

b. The cactus needed sharper spines to stop animals from eat-
ing it.

c. Animals chewing on the cactus caused it to grow sharper
spines.

d. Mutations changed the DNA of this cacti because it was
injured by an animal.

e. The hot climate caused this change.

The other two mutation questions explicitly asked students
what was true about mutations and included distractors that
incorporated a variety of misconceptions. Here is one of those
questions:

23. What was most likely true regarding the genetic mutations
that occurred during the years mosquitoes were evolving resis-
tance to DDT?

a. The number and effect of mutations that occurred was not
influenced by DDT.

b. Most of the mutations that occurred helped the mosquitoes
survive.

c. The number of mutations occurring in the population
increased when DDT was first applied, and then decreased
when the mosquitoes finished adapting.

d. The mutations occurred because mosquitoes needed to
survive.

We defined evolution as the concept that evolution by natural
selection is caused by interaction between variation, selection,
inheritance, and mutation. The CANS includes eight questions
that assess whether students understand evolution. Five of these
questions ask students to describe what caused species to evolve
adaptations. Three of these five questions relate to trait gain and
two relate to trait loss. Here is one of the trait gain questions:

1. Which of the following is the best description of how anteat-
ers evolved long tongues?

a. Anteaters grew long tongues because they needed to reach
inside ant hills.
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b. Anteaters grew long tongues because they constantly
stretched their tongues.

c. Random mutations occurred because anteaters needed to
change.

d. Each year, anteaters with the longest tongues were most
likely to live.

e. Changes like this depend on many factors, so it is impossi-
ble to answer.

The CANS also includes three other evolution questions.
One of these (9), asks students about the role the environment
plays in evolution, and one (17) asks students what role indi-
vidual responses to the environment (like suntanning) play in
evolution. Finally, question 10 asks students to describe evolu-
tionary change.

METHODS

We used standard methods for developing and validating the
CANS (Adams and Weiman, 2011; AERA et al., 2014). For the
purpose of this paper, we will describe the process as having
two distinct stages. In the first stage, we used a variety of itera-
tive approaches to develop questions and put together a com-
plete version of the CANS. In the second stage, we conducted a
more formal validation of the CANS. All aspects of this work
were reviewed and approved by the Institutional Review Board
for human subjects research at Montana State University (MSU).

We will not present data from the initial development phase
of CANS but will briefly mention six types of data we found
helpful. We began the development of many questions by ask-
ing students open-ended questions about natural selection con-
cepts. This was necessary for concepts that have not received
much study (e.g., variation, mutation). Second, we drafted
multiple-choice questions and asked students to select an
answer and explain in writing why they selected the answer
they did. This provided us with valuable insights on how stu-
dents interpreted questions and helped us refine and eliminate
questions that were confusing or not accurately capturing stu-
dent thinking. Third, we wrote alternative versions of some
questions and administered them to large numbers of students
to test whether students answered each version differently.
Fourth, we administered early versions of the CANS to students
in advanced biology courses (who, presumably, had a strong
understanding of natural selection). This helped identify ques-
tions that were confusing. Fifth, we performed pre- and postin-
struction testing to identify questions that were not answered
more successfully after instruction—and, therefore, might be
assessing something different from we intended. Finally, we
used item response theory (IRT) to evaluate how well sets of
questions on the CANS assessed the same concept.

After we developed a draft of the CANS that appeared to
work well, we examined its validity using four sources of evi-
dence (Adams and Weiman, 2011; AERA et al., 2014). First,
we recruited five experts in evolution education to review the
CANS and to evaluate whether the questions were relevant to
the concepts being tested and provided good sampling cover-
age of those concepts. Second, we interviewed 20 students to
verify that their responses to questions on the CANS provided
an accurate reflection of how they thought about the concept
being tested. Third, we compared test scores on the CANS
before and after instruction. Fourth, and last, we used IRT to
examine the structure and reliability of the CANS.
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Expert Review

Our expert review panel, hereafter called the “expert panel,”
consisted of five prominent education researchers with research
experience directly relevant to constructing the CANS. We
asked each panel member to evaluate two aspects of the CANS:
1) how well questions on the CANS sampled (or covered) the
concepts of variation, selection, inheritance, evolution, and
mutation; and 2) how relevant each question was to the con-
cept it assessed. In addition, we asked reviewers for comments
on the clarity of the questions and any additional comments
they could provide. We used responses from the panel to make
modest revisions to the CANS before conducting the next step
of student interviews.

Demographics

We used student interviews and in-classroom testing for several
aspects of our investigation. Students participating in this
research were enrolled in an introductory biology course (BIOB
170) at MSU. The course is designed for biology majors and
covers three main topics: evolution, organismal diversity, and
ecology. The evolution section of the course was taught by
S.T.K. The course meets twice a week for 75-minute lectures
and has a weekly laboratory. There are no prerequisites for
BIOB 170, and 90% of the students in the course had not taken
the companion introductory biology course at MSU, which cov-
ers biochemistry, genetics, and cell biology. Enrollment in the
course Fall semester 2015 was 262. Of these students, 54%
were female and 93% were Caucasian. The largest minority
population in the course was Native American (2%). Eighty-
four percent of the students were planning on majoring in sci-
ence, mathematics, or engineering.

Student Interviews

The second step in our formal validation of the CANS was to
interview 20 students. Each interview lasted ~30 min and stu-
dents were paid $20 for their participation. The goal of each
interview was to determine whether each question on the CANS
provided an accurate depiction of how students thought about
natural selection. We used a semistructured interview protocol
to examine how students were interpreting questions (Crowl,
1996). During the interview, students were asked to read CANS
questions silently to themselves, select an answer, and then
explain to the interviewer (S.T.K.) why he or she selected that
answer. The interviewer then asked at least one follow-up ques-
tion to verify whether the student’s answer to the question was
an accurate reflection of his or her thinking. If the student
answered the question correctly, the interviewer selected
another answer and asked why he or she did not select one of
the incorrect answers. If the student did not answer the question
correctly, the interviewer asked why he or she did not select the
correct item. As needed, the interviewer asked additional fol-
low-up questions to explore how well the student’s thinking was
reflected by the answer he or she chose. For example, if the
student used a scientific term such as “mutation” or “fitness” the
interviewer might ask what that term meant to the student.

Learning Gains

The third step in our validation process was to compare scores
on the CANS before and after instruction relating to natural
selection. The CANS was designed to measure how well
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students understand natural selection, so scores should go up
after instruction relating to natural selection. We administered
the CANS to students enrolled in BIOB 170 Fall semester 2015
in the lecture before natural selection was introduced. Students
then received approximately 6 hours of instruction relating nat-
ural selection. This instruction incorporated several active-learn-
ing activities designed to help students correct misconceptions
(see Kalinowski et al., 2013). After instruction, students
answered all 24 CANS questions on an exam. We used the nor-
malized gain statistic of Hake (1998) to measure learning gain
for the class and a Wilcoxon signed-rank test to assess the sta-
tistical significance of the gain observed.

IRT

The fourth step in our validation process was to use IRT to
examine the psychometric properties of the CANS. This analysis
had two general goals. First, we examined the internal struc-
ture of the CANS, and second, we estimated how well the CANS
measures students’ understanding of natural selection.

A brief summary of IRT may be helpful for interpreting the
results we present. IRT, also known as modern test theory, is a
set of statistical models that relate the probability of a student
answering a question correctly with how well the student
understands the concept being tested (for an introduction, see
Ayala, 2008). There are many variations of IRT models; we
used the three-parameter (3PL) model in most of our analysis.
This model, which assumes the probability that the ith student
answers the jth question correctly, is

exp[otj(e,-—é‘)j)}
1+exp[ocj(6,-—8j)]

Fi=g,+(1-g)) D

The most important parameter in Eq. 1 is .. 6, is a measure
of how well the ith student understands the concept being
tested. 0 is usually referred to as “ability.” Ability is a latent trait
and cannot be directly observed: it must be estimated from how
students answer questions. As Eq. 1 shows, students with high
ability are expected to have a higher probability of answering a
question correctly than students with low ability. 6 is measured
in standard deviations from the mean. Therefore, if student abil-
ity in a classroom is normally distributed, 95% of students will
have an ability greater than —2 and less than 2. The parameter
8, measures the “difficulty” of the jth question. Students are
expected to have a lower probability of answering a difficult
question than an easy question. Negative values of 9, indicate a
question is less difficult than average; positive values of &, indi-
cate a question is more difficult than average. The parameter o,
is called the “discrimination” of a question. This parameter indi-
cates the slope of the logistic-like curve specified by Eq. 1. This
is an important parameter, because the slope of the curve is
proportional to how much information a question has for esti-
mating ability. Questions with steep slopes are more useful for
estimating ability than questions with low slopes (see Figure 2
for examples). If a question has a very steep slope, virtually all
students with an ability lower than the threshold will answer the
question wrong, and all students with an ability higher than the
threshold will answer the question correctly. Alternatively, if a
question has a slope of zero (no discrimination), it provides no
information: all students are expected to have the same proba-
bility of answering the question correctly. This would be
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FIGURE 2. Example of IRT traces illustrating different values of o
(discrimination).

expected if the question is unrelated to the ability. Values of o
can be converted into loadings for each question in a
one-parameter factor analysis. Such loadings quantify how
much variation in student scores is explained by the latent abil-
ity of students. The last parameter in Eq. 1, g, is the “guessing”
rate (or “pseudoguessing” rate) of a question. This is the proba-
bility that a low-ability student will answer a question correctly.
If a student with low ability randomly selects an answer to a
multiple-choice question from among k options, g will equal
1/k. The guessing rate can be higher than this if low-ability stu-
dents exclude some potential answers, and can be lower than
this if students are strongly attracted to one or more wrong
answer. If the guess rate is estimated for each question, Eq. 1 is
a 3PL model. Alternatively, g can be set to 1/k, in which case the
model has two parameters.

Reliability is a useful measure of how precisely a test mea-
sures the concept it is assessing, and is defined and calculated
differently in IRT than in classical test theory (e.g., Kline, 2005).
Reliability is usually defined as the proportion of variance in
test scores in a class that can be attributed to real variance in
ability (as opposed to sampling error). Cronbach’s alpha is a
common statistic for estimating reliability. In IRT, the primary
method for describing the reliability of a test is an information
curve. Information in this context is the reciprocal of the sam-
pling variance of estimates of ability. High values of informa-
tion indicate that a test is able to estimate ability well. Unlike
Cronbach’s alpha, which is a single number, information curves
depict how well a test estimates ability across a range of abili-
ties. This is useful because most tests are informative only for a
certain range of ability. The CANS, for example, was designed
for estimating the ability of college students in introductory
biology courses and should identify which students in these
courses have a basic understanding of natural selection and
which do not. The CANS would not be useful for differentiating
between students having more advanced understandings
of natural selection. Roughly speaking, Cronbach’s alpha
summarizes a test’s information curve with a single value. This
representation of a test has less information than an informa-
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tion curve but can be convenient for comparing tests. The IRT
equivalent to alpha is empirical reliability (also called “person
separation reliability”; see Eq. 6 in Adams, 2005).

Our discussion of IRT models has thus far assumed stu-
dent responses to a question are a function of a single
(one-dimensional) ability. If ability has multiple dimensions,
multidimensional IRT models are available. Fitting multidimen-
sional IRT models to test score data requires more data (ques-
tions and students) than we have available. We are not going to
do much with multidimensional IRT models in this investiga-
tion but would like to point out what frequently happens when
a unidimensional model is fitted to data that have multiple
dimensions. If the multidimensionality is not extreme or abili-
ties are correlated, a unidimensional model may fit the data
well. On the other hand, if student responses to some questions
are a function of one ability and other questions tap other abil-
ities, and IRT analysis is unidimensional, some questions may
load strongly on the ability estimated by IRT and the others
may not (this will be seen in our data below.

We used the R statistical package mirt, version 1.8 (Chalmers,
2012), for all of our IRT analysis. Parameters were estimated
using maximum likelihood and the expectation-maximization
(EM) algorithm. With one exception, we used the 3PL model.
Unless otherwise indicated, all analyses refer to student
responses on the CANS before instruction.

The first goal of our IRT analysis was to examine the internal
structure of the CANS. The goal of this type of analysis is typically
to confirm that questions on a test are related to each other in the
manner predicted by theory or the principles used to design the
test (AERA et al., 2014; Rios and Wells, 2014). This, unfortu-
nately, is difficult for us to do with the CANS because there is
little theory available to predict how the 24 questions on the
CANS should be related. The CANS contains questions assessing
five concepts: evolution, mutation, inheritance, selection, and
variation. It is not known whether these five concepts are all com-
ponents of a single construct (natural selection) or whether these
are five independent concepts. This uncertainty makes it impos-
sible to check whether the CANS, as a complete instrument, has
the internal structure it should have. Despite this ambiguity, we
can make some a priori statements about the structure of the
CANS. All the questions relating to each topic on the CANS are
intended to assess a single concept (i.e., all the mutation ques-
tions are intended to assess whether students understand muta-
tion). Questions within each topic, therefore, should estimate the
same ability. We checked this by fitting a 3PL IRT model to each
set of questions and estimating its loadings in a factor analysis.
There are only three variation questions on the CANS. This is not
enough questions to estimate three parameters. Therefore, we
used a two-parameter IRT model for the variation questions. In
this analysis, we assumed the guessing rate was equal to 1/k.

The next question we addressed with IRT analysis was
whether all the questions on the CANS could reasonably be
modeled as assessing a single construct. We did this by fitting
a one-dimensional 3PL IRT model to our data and examining
model parameters and item fit. Model fit was assessed with
Pearson’s chi-squared statistic (Orlando and Thissen, 2000).
We used IRT to calculate item and test information curves
and to estimate the empirical reliability of the test. Finally,
we calculated Cronbach’s alpha for the CANS to facilitate
comparisons with other instruments for which this statistic
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has been presented. We used the psych statistical package
(version 1.6.4) for R to do this.

RESULTS

The expert panel conducted a thorough review of the CANS. In
addition to rating the questions according to the criteria we
provided (sampling coverage and relevance), all panelists pro-
vided extensive comments on the CANS.

The first task assigned to the expert panel was to rate how
well the CANS sampled the concepts of variation, selection,
inheritance, evolution, and mutation on a scale of 1 (not at all
adequately) to 5 (very adequately). The panel rated the evolu-
tion questions highest (average = 4.3), followed by mutation
(4.0), variation (3.7), inheritance (3.4), and selection (2.6).
The selection component of the CANS was faulted for not ade-
quately assessing some advanced topics: trade-offs between
traits, and pleiotrophy. There was a wide range of opinion
among the panelists regarding how well questions on the CANS
sampled concepts. Two panelists gave the CANS an overall
average sampling score of 4.6 (out of 5), while two others gave
the CANS an average score of 2.0.

The second task assigned to the expert panel was to assess
how relevant each question on the CANS was to the concepts it
was supposed to assess (i.e., variation, selection, inheritance,
evolution, and mutation). Panelists generally gave high rele-
vancy scores to questions on the CANS: the average score for
relevance was 4.2 (out of 5). However, again, there was nota-
ble variation among the panelists. Five of the 24 questions on
the CANS received a relevancy rating of 5 from one member of
the panel and 1 from another member.

Student interviews consistently showed that CANS ques-
tions provided accurate reflections of how students thought
about evolution. Aside from one exception (noted below), stu-
dents seemed to interpret questions on the CANS in the manner
intended. This is not to say the questions were flawless. The
interviews did reveal multiple minor editorial ways to improve
the clarity of the questions. These changes generally involved
replacing a word or inserting a qualifier into a sentence. There
was one exception to this. We had to rewrite question 20 a few
times until we were confident students were interpreting the
question as we intended.

Two hundred and twenty-three students in BIOB 170 com-
pleted the CANS before instruction and 266 students completed
the CANS on the exam after instruction. Two hundred and
eighteen students completed both tests. All the testing data pre-
sented here is from these 218 students.

Scores on the CANS were higher in BIOB 170 after instruc-
tion (Table 1 and Figure 3). Before instruction, the average
score on the CANS was 47%. After instruction, the class average
was 71%. This corresponds to a normalized gain of 0.45. The
median score on the CANS increased from 11 to 18 (p < 0.0001).

IRT analysis showed that almost all of the questions relating
to each of the five concepts covered by the CANS seemed to
measure the same concept (Table 1, “Within” column). For
example, all eight of the evolution questions loaded heavily on
a single ability (presumably evolution by natural selection).
This can be seen by the relatively steep slopes of the curves in
the item characteristic curves for these questions (Figure 4A).
A couple of questions did not load well. Question 6 had the
lowest loading. This was a selection question. This low loading
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FIGURE 3. Pre- and postinstruction raw scores on the CANS in an
introductory biology course.

may have been sampling error, because this question performed
well in a previous analysis that included additional selection
questions. Question 3 also had a relatively low loading. This
question asked students what traits in anteaters are inherited.
Interviews showed students struggled to differentiate among
the distractors. However, the question loaded well in a unidi-
mensional IRT analysis of all questions (see below), so it does
seems to measure something related to natural selection.

IRT analysis of all 24 questions on the CANS together showed
that 18 of the 24 questions loaded well on a one-dimensional
ability (Table 1 and Figure 5). These 18 questions included all
eight evolution questions, all four mutation questions, all four
inheritance questions, and two of the five selection questions
(questions relating to stressful environments). Three of the five
selection questions did not load well, nor did any of the varia-
tion questions. There were no obvious goodness-of-fit problems.
Only one question (question 20) had a p value < 0.05.

The information curve (Figure 6) for the CANS showed the
test had high levels of information (>) from approximately —2
to +2 standard deviations from the mean and does a better
job of estimating ability for high-ability students than low-abil-
ity students. The empirical reliability of the CANS was quite
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FIGURE 4. IRT traces for questions relating to each concept on the
CANS.

high. It was 0.88 before instruction and 0.87 after instruction.
Cronbach’s alpha was 0.85 before instruction and 0.86 after
instruction.
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DISCUSSION

We developed and validated the CANS, a set of 24
multiple-choice questions created to assess how well college
students in introductory biology courses understand the basic
process of natural selection. Unlike previous instruments, the
CANS assesses how students think about natural selection in
multiple evolutionary contexts using multiple forms of ques-
tions. The expert panel that reviewed the CANS concluded that
its questions were relevant to natural selection and generally
did a good job sampling the specific concepts they were
intended to assess. Student interviews confirmed questions on
the CANS provided accurate reflections of how students think
about natural selection. And, finally, IRT analysis showed that
the CANS did a very good job of estimating student ability.

We estimated the empirical reliability of the CANS in our
classroom to be 0.88. This means that 88% of the variance of
test scores in our classroom can be attributed to differences in
understanding among our students, and 12% can be attributed
to measurement error. This appears to be very good—at least in
comparison with other tests. The most highly regarded concept
inventory in college science education research is probably the
Force Concept Inventory (FCI) of Hestenes et al. (1992). The
FCI is a 30-question multiple-choice test that measures how
well students understand Newtonian motion. We compared the
reliability of the CANS and FCI by administering the FCI to 197
students in a trigonometry-based introductory mechanics
course taken by biology majors at MSU. These students took the
FCI during the second week of the semester as part of their first
weekly laboratory session. The empirical reliability of the FCI in
this course was 0.83. This means the FCI has ~42% more mea-
surement error than the CANS (17 vs. 12%). We also compared
the empirical reliability of the CANS with published estimates
of the reliability of the Scholastic Aptitude Test (SAT). The
mathematics portion of the SAT has a reliability of 0.93, and
the critical reading portion of the test has a reliability of 0.92
(Ewing et al., 2005).

Our results have implications for a long-running debate
regarding what students need to know in order to learn natural
selection. Three concepts have been advocated as particularly
important for learning natural selection: variation in popula-
tions, exponential growth, and genetics. We will discuss each of
these possibilities in turn.

Mayr (e.g., 1982, chap. 11) has argued that typological
thinking or essentialism—which we will provisionally define
as the tendency to dismiss the importance of variation among
individuals in a population—was a historical obstacle to the
discovery of evolution. It is reasonable to wonder whether
students face the same challenge: if students do not see vari-
ation among individuals, natural selection would not make
sense. There are some correlative data to this hypothesis
(Shtulman and Schulz, 2008). Our results, however, do not
seem to support it: student responses to the variation and
evolution questions were largely independent. More work is
clearly needed to sort this out.

The relevance of exponential growth to natural selection was
first noted by Darwin (1859) and discussed extensively by Mayr
(1982, chap. 11): all species have the potential for exponential
population growth; if such growth is not present, it is likely that
many, if not most, of the individuals in a population do not sur-
vive and reproduce. This provides potent opportunity for natural
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FIGURE 5. IRT traces (A) and information curves (B) for all 24 questions on the CANS analyzed using a one-dimensional 3PL model. The
labels in each panel indicate the concept being tested, the form of the question, and the question number. For example, “Evo.Gain.1”
indicates the question is question number 1 and is an evolution question relating to trait gain (see Table 1 for more descriptive labels).

selection, and recognizing this should help students understand
natural selection. There is very little evidence for this in our
data. The exponential growth questions loaded very weakly
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FIGURE 6. The information curve for the CANS estimated before
instruction in an introductory biology course.
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with the evolution questions in our IRT analysis. These concepts
appear to be independent in the minds of our students. Our
study was not designed to thoroughly explore the relationship
between these concepts; again, further work is needed.

Many student misconceptions relating to natural selection
appear to be based on misunderstandings of inheritance
(Kalinowski et al., 2010). Understanding inheritance and muta-
tion, therefore, might help students understand natural selec-
tion. Our IRT analysis supports this hypothesis. All the questions
relating to mutation and inheritance loaded strongly with the
evolution questions.

The previous discussion illustrates the need to better under-
stand how many dimensions there are to student understanding
of natural selection. Our results suggest 18 questions on the
CANS canreasonablybe thought of as assessing a one-dimensional
concept (natural selection), but it was also clear that this was
not true for six of the questions on the CANS. We fitted multidi-
mensional IRT models to our data to identify other dimensions
but did obtain results that seemed meaningful, possibly because
the questions we used did not assess other dimensions well, we
did not include enough questions to estimate different dimen-
sions well, or our sample size of 218 was too small.
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Instructors and researchers should find the CANS useful in a
few ways. Most simply, instructors could use questions from the
CANS as topics for discussion in a classroom or as a source for
exam questions. The CANS should also be useful to instructors
for formative or summative assessment. For example, data from
our classroom (Table 1) suggest that our students do not have
a strong understanding of trait loss, mutation, exponential
growth, or competition in stable populations. Researchers
might use the CANS to compare scores and learning gains in
different classrooms or to quantify how well individual students
understand natural selection.

We will conclude this paper with a few comments about the
importance of assessment in biology education. While we were
validating the CANS, one member of our expert panel described
the CANS as “yet another concept inventory.” Such fatigue
seems common and would be justified if existing instruments
provide instructors and researchers with the tools they need to
assess student thinking. However, when we talk to biology
education researchers, we sense dissatisfaction with existing
concept inventories. This is a bad combination of beliefs. Assess-
ment of student thinking is the foundation of biology education
research. If existing instruments are not sufficient, the biology
education research community needs more research on concept
inventories, not less. This will probably require intensive effort
to understand how students think about important biology con-
cepts and how students interpret specific questions (e.g., Rebello
and Zollman, 2004; Weston et al., 2015). It is hoped that the
CANS will help stimulate such work and motivate researchers to
create even better instruments for assessing student thinking. If
the entire biology education community worked together on
this, the work load need not be burdensome.
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