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Article
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The American Association for the Advancement of Science 2011 report Vision and Change in Under-
graduate Biology Education encourages the teaching of developmental biology as an important part of
teaching evolution. Recently, however, we found that biology majors often lack the developmental
knowledge needed to understand evolutionary developmental biology, or “evo-devo.” To assist in ef-
forts to improve evo-devo instruction among undergraduate biology majors, we designed a concept
inventory (CI) for evolutionary developmental biology, the EvoDevoCI. The CI measures student
understanding of six core evo-devo concepts using four scenarios and 11 multiple-choice items,
all inspired by authentic scientific examples. Distracters were designed to represent the common
conceptual difficulties students have with each evo-devo concept. The tool was validated by experts
and administered at four institutions to 1191 students during preliminary (n = 652) and final (n =
539) field trials. We used student responses to evaluate the readability, difficulty, discriminability,
validity, and reliability of the EvoDevoCI, which included items ranging in difficulty from 0.22–0.55
and in discriminability from 0.19–0.38. Such measures suggest the EvoDevoCI is an effective tool for
assessing student understanding of evo-devo concepts and the prevalence of associated common
conceptual difficulties among both novice and advanced undergraduate biology majors.

INTRODUCTION

The integrative field of evolutionary developmental biology,
or “evo-devo,” enhances our understanding of evolution.
Evo-devo builds on the modern synthesis by considering the
developmental mechanisms of evolutionary change. For ex-
ample, evo-devo biologists have identified specific genetic
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and developmental changes that played key roles in the loss
of abdominal appendages in insects and in the modification
of hind wings to balancing organs in flies (Ronshaugen et al.,
2002; Hersh et al., 2007). By considering ways in which devel-
opment can influence the evolutionary process, evo-devo also
sheds light on evolutionary patterns that cannot be explained
solely by natural selection. Examples include the extreme con-
servation of the number of cervical vertebrae in mammals or
the fact that all centipedes have odd numbers of leg-bearing
segments (Arthur and Farrow, 1999; Galis, 1999).

The insights of evo-devo present opportunities to enhance
student understanding of evolution in general and are thus
relevant to all biology instructors. For example, teaching
evo-devo has been promoted as an important counter to
the creationist claim that evolutionary novelties and other
macroevolutionary changes cannot be explained by current
evolutionary theory (Gilbert, 2003; Brigandt and Love, 2010).
That evo-devo could potentially play this role is supported
by the finding that student acceptance of evolution is more
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Table 1. Overview of the EvoDevoCI development processa

1. Identify core concepts in evo-devo and associated supporting concepts by literature review and expert surveys.
2. Evo-devo experts review core and supporting concepts for scientific accuracy and completeness.
3. Conduct student interviews and open-ended surveys to identify conceptual difficulties in evo-devo and quantify prevalence of conceptual

difficulties.
Preliminary testing and revision of CI
4. Write scenarios and item stems that are based on actual biological examples but have altered details, such as gene names, organisms, or

experiments performed.
5. Split 34-item test into subsets of 7–10 items. Administer 502 subtests to 421 students (field test 1).
6. Evaluate, eliminate, and revise items. Administer 17-item test to 63 students (field test 2).
7. Evaluate, eliminate, and revise items. Administer 11-item test to 168 students (field test 3).
8. Adjust wording of distracters slightly based on field test 3 results.
Final validity and reliability testing
9. Experts review final 11-item test.
10. Adjust wording of distracters slightly in response to feedback from experts.
11. Administer 11-item test to 539 students (from novice to advanced) at four institutions. Includes test/retest, redacted vs. unaltered,

and paper vs. online tests.

aSteps 1–3 are reported in more detail in Hiatt et al. (2013).

strongly correlated with instruction in macroevolution than
instruction in population genetics or microevolution (Bishop
and Anderson, 1990; Sinatra et al., 2003). More widespread
teaching of evo-devo is likely with the increasing availabil-
ity of materials for teaching evo-devo concepts, including
explanatory material for teachers (Understanding Evolu-
tion, 2012a–c), online virtual labs (Howard Hughes Medical
Institute, 2012), case studies (Platt, 2009), and textbooks
(Schlichting and Piggliucci, 1998; Carroll et al., 2001; Wilkins,
2001; Arthur, 2011; Stern, 2011; Hall, 2012; Zimmer and
Emlen, 2012).

While evo-devo holds promise for enhancing understand-
ing of evolution, it is challenging for students to learn. This is
due, in part, to students’ limited exposure to the foundational
knowledge required to understand higher-order concepts in
evo-devo. For example, many students lack the foundational
knowledge of developmental biology, genetics, and molec-
ular biology, with the result that both novice and advanced
undergraduates face conceptual difficulties in understand-
ing evo-devo (Hiatt et al., 2013). To address conceptual dif-
ficulties, instructors need to be able to efficiently and accu-
rately identify their presence. Compounding these obstacles
is the fact that many biology instructors were not exposed
to contemporary evo-devo concepts during their own formal
educations. In light of these challenges, efforts to integrate
evo-devo into undergraduate life sciences curricula will re-
quire tools that effectively assess student understanding of
evo-devo concepts.

Concept inventories (CIs) are powerful, research-based
tools for quickly assessing student understanding of science
concepts (Hestenes et al., 1992; Garvin-Doxas et al., 2007;
Adams and Wieman, 2010; Smith and Tanner, 2010). Sev-
eral existing CIs assess conceptual understanding of evolu-
tion (Anderson et al., 2002; Baum et al., 2005; Nadelson and
Southerland, 2010; Novick and Catley, 2012) but do not assess
most evo-devo concepts. Although a few tools are available to
evaluate developmental biology concepts, they either include
only a few items that touch on evolution (e.g., Knight and
Wood, 2005) or have not been validated for use as a general
diagnostic assessment tool (e.g., Darland and Carmichael,
2012). Our goal was to develop an easy-to-use CI that assesses

student understanding of evo-devo concepts for undergrad-
uate biology majors, the EvoDevoCI. We built upon previous
work (Hiatt et al., 2013), in which we identified core con-
cepts in evo-devo that experts agree ought to be taught at the
undergraduate level, as well as common conceptual difficul-
ties students encounter when trying to learn these concepts.
In this paper, we describe the EvoDevoCI, its validation by ex-
perts, and extensive field-testing on undergraduate students
at four institutions.

METHODS

Sources of Data
We collected data at four different universities in the United
States: a public master’s degree–granting comprehensive uni-
versity in the Midwest (MCU), a private university in the
Northeast (PU), and two large research-intensive public uni-
versities in the Midwest (RIM) and the mid-South (RIS). All
test administration was deemed exempt by institutional re-
view boards and performed with informed consent (PU, IRB
#R11-033; RIM, IRB #1210012864; RIS, IRB #AS125; MCU’s
IRB approved, but no IRB number was assigned).

We field-tested multiple-choice items from January 2012 to
January 2013 among biology majors (“life sciences” at RIS;
Tables 1 and 2). The manner in which students progressed
through the curriculum at each institution ensured that each
student in our study took the EvoDevoCI only once, unless
he or she participated in a test/retest trial, in which case the
participant took the CI twice.

Development of Scenarios and Items
We designed the EvoDevoCI to assess understanding of the
core concepts of evo-devo (Table 3) that we previously iden-
tified by surveying evo-devo experts and educators about
which concepts are central to the field and taught at the un-
dergraduate level (Hiatt et al., 2013). We wrote several items
to target each core evo-devo concept, with each item com-
prising a question stem and four possible responses: one cor-
rect response and three distracters (e.g., Figure 1). Initially,
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Table 2. Summary of final validity and reliability testing of the EvoDevoCIa

Assessment Curriculum level of students Number of responses Response rate

Final administration Novice (includes REvoDevoCI) 441 20%
Advanced 98 63%
Total 539 24%

Test/retest Novice 34 77%
Advanced 48 92%
Total 82 85%

Redacted Novice (PEvoDevoCI) 104 92%

aShown are the number of students who took the CI, as well as response rates for novice (<5 biology courses) and advanced (≥5 biology
courses) students. All tests were administered online and in a fixed order (Crayfish/Centipede/Minnow/Lizards), except for PEvoDevoCI,
which was administered in paper form, and REvoDevoCI, for which the scenario order was randomized. Only students identified as biology
majors were included in the final analyses and listed here.

we used biological examples from plants, invertebrates, and
vertebrates to develop scenarios and stems. Although the
scenarios were inspired by actual biological examples, gene
names were fictionalized to avoid triggering rote recall of
common classroom examples, and organisms were some-
times changed to species that are familiar to students. Follow-
ing Nehm and Ha (2011), we included examples from both
sides of the following dichotomies: within versus between
species differences, gains versus losses of traits, animals ver-
sus plants, and familiar versus unfamiliar taxa.

When writing and revising items, we weighed the plau-
sibility, language, consistency, and breadth of each response
to remove any temptation for students to guess or otherwise
select a response without considering the associated scenario

or stem. The distracters for each item represent the concep-
tual difficulties we previously identified as common in stu-
dent answers to questions targeting particular core concepts
(Hiatt et al., 2013; Table 4). To illustrate the relationships be-
tween the core concepts and the associated conceptual dif-
ficulties used to write distracters, we constructed a diagram
(Figure 2; descriptions of concepts and conceptual difficul-
ties can be found in Tables 3 and 4) using the network dia-
gram visualization function in Many Eyes (IBM, 2010). For
the conceptual difficulty “Lack of development” (see Table 4,
DV1), which includes an exclusive reliance on natural se-
lection, we found it difficult to write distracters that were
clearly implausible. Thus, for some of these distracters, we
took the approach of making them implausible in some other

Table 3. Core concepts in evo-devo from Hiatt et al. (2013) included in this instrumenta

Core concepts in evo-devo Item code Scenario code

CC1. A small number of mutations can make a large evolutionary difference: It is possible for novel
phenotypes to evolve as the result of the fixation of a small number of mutations that cause
significant changes in the regulation of developmental processes.b This does not preclude the
possibility that many (or even most) differences between species require a large number of
small-effect mutations.

Q4 M1

CC2. Evolution can occur by changes in regulation: Given that developmental processesb are often
shared, novel phenotypesc often evolve via changes in regulation (e.g., cooption or deployment
of gene regulatory networks to different tissues or stages of development).

Q5, Q6 M2, M3

CC3. Mutations that are less pleiotropic are more likely to contribute to evolution: Mutations that
are less pleiotropic (e.g., mutations in a gene or gene product that plays only a limited role in
development, in a modular cis-regulatory element, or in a modular domain of a protein) are less
likely to have deleterious pleiotropic effects on fitness and thus are more likely to become fixed
in populations.

Q2, Q7 C2, M4

CC4. Development can bias the direction of evolutionary change: Developmental processesb can
bias evolutionary outcomes by either limiting the variation available to natural selection or
attaching deleterious pleiotropic effects to certain variants.

Q1, Q3 C1, N1

CC5. Developmental plasticity can evolve: The environment can select among heritable variation in
a developmental response to a particular environmental change, resulting in adaptive
developmental plasticity.

Q8, Q10 L1, L3

CC6. Developmental variation is part of the raw material of natural selection: Many adaptations are
the result of the environment selecting among heritable variation in phenotypec that is the result
of heritable variation in developmental processes,b which is itself the result of genetic variation.

Q9, Q11 L2, L4

aItems targeting each concept are indicated by either their position in the CI (question code) or their position within each scenario: Crayfish
(C1, C2), Centipedes (N1), Minnows (M1, M2, M3, M4), and Lizards (L1, L2, L3, L4).
bWe intend “developmental process” to refer to any process that is part of the development of a sexually mature adult.
cWhile we recognize that features of development (e.g., gene expression patterns) are often considered to be part of an organism’s phenotype,
for purposes of clarity we use “phenotype” here to refer only to traits (e.g., behavioral, morphological, physiological, biochemical) of the adult
organism.
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Figure 1. CI item targeting CC4: “Development can bias evolutionary change.” Each of our questions followed a similar format, with a short
scenario inspired by an actual biological example but for which some details (e.g., gene names, the organism, or experiments performed) may
have been altered, followed by a question stem and four response options. Each distracter (incorrect response) is written to reflect one of the
conceptual difficulties most often associated with that evo-devo concept. Although the biological example in this case is real, the fitness data
have been imagined to suggest an explanation that does not rely on natural selection.

way. For example, the distracter might contradict additional
information given in the scenario or stem (e.g., question 3,
response D, as shown in Figure 1; see Supplemental Material
for additional examples).

We evaluated the quality of distracters included in the fi-
nal EvoDevoCI by administering an unaltered version (n =
54) and a version consisting only of item responses (n = 50),
with the scenario and question stems redacted, to students
at RIS. In the redacted version, students were asked to se-
lect the correct response for each item and provide an ex-
planation for their choice. Both groups of students were in
the same lecture course and should represent similar student
populations. This test served two purposes: 1) to determine
whether either the correct response or distracters for each
item were detectable by students on the basis of “clues,” such
as the length of the response or the inclusion of absolutes
in the case of distracters (e.g., “never” or “all”) (Novick and
Catley, 2012); and 2) to determine whether any responses
were perceived by students to be inherently more or less
plausible relative to one another. If item responses possess
neither clues nor differences in inherent plausibility, then the
percentage of students choosing each response should ap-
proximate the probability of selecting a response by chance
(0.25). We used a Mann-Whitney U-test to compare response
rates for the unaltered and redacted versions of the CI against
a random distribution.

Initial Assessment and Revision
Field tests 1–3 evaluated how novice and advanced students
respond to different scenarios, how often they select partic-
ular responses, and how they respond to the wording and

phrasing of preliminary items (overall response rate = 31.3%).
For field tests 1 and 2, we asked participants to circle or de-
scribe unfamiliar vocabulary (Patton, 2002). Using the data
from each field test (1–3), we calculated the difficulty and
discriminability of each item. Difficulty (P) was calculated as
the overall proportion of students choosing the correct re-
sponse for a particular item, while discriminability (D) was
calculated by subtracting an item’s difficulty among low-
performing (bottom half, PL) students from an item’s diffi-
culty among high-performing (upper half, PU) students (D =
PU − PL; Crocker and Algina, 1986). Ideally, all items have a
difficulty greater than chance (P > 0.25 for items with four
responses) and discriminability greater than 0.20 (D > 0.20),
indicating the item successfully discriminates between high-
and low-performing students (Crocker and Algina, 1986;
Haladyna, 2004). Furthermore, all distracters should be cho-
sen by at least a few respondents (> 0.05) (Crocker and Al-
gina, 1986; Haladyna, 2004). Easy items (e.g., P > 0.8) are
undesirable, in that they are both less likely to discriminate
between high- and low-performing students and less likely to
detect conceptual difficulties associated with the target con-
cept (Haladyna, 2004). Thus, items not meeting these mea-
sures of readability, difficulty, discriminability, and minimal
selection of all distracters were eliminated or revised.

For field test 1, 34 preliminary items were divided into four
subsets of 7–10 items each and administered (502 question
sets taken by 421 students; some students at MCU took two
question sets). As a follow-up, we asked select students to ex-
plain their answers to confirm that chosen responses truly re-
flected the understanding of the student (Patton, 2002). Based
on these criteria, the 34 items were narrowed to 17, which to-
gether addressed each core concept two or three times. For
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Table 4. Conceptual difficulties used as the basis for distracters and the prevalence of the associated distracters in the final validation testa

Conceptual difficulties
Target

concept
% Choosing this:

CD novice
% Choosing this:

CD advanced

Common biological (CB)

CB1 Teleology Attributing design and purpose to organism,
environment, process, or mechanism. Responses that
exhibit this difficulty include references to purpose or
design.

CC4 11.8 6.5

CB2 Vocabulary Misusing terms (e.g., confusing gene, allele, and
genome).

CC6 44.8 31.8

CB3 Anthropomorphism Attributing human qualities to nonhuman organisms,
environments, processes, or mechanisms.

CC5 5.5 8.4

Developmental (DV), including cell and molecular biological aspects
DV1 Lack of development Failing to reference development, even when prompted.

Includes invoking natural selection as a mechanism
in place of more appropriate evo-devo mechanisms.

CC2
CC4
CC5
CC6

40.75* 32.2*
1.4 0.9

16.2 17.8
21.2 20.6

DV2 A single gene affects a
single trait

Stating explicitly or implying that each trait is
determined by a single gene or that each gene
determines only one trait.

CC2 17.1 12.1

DV5 HOX genes are the only
regulatory genes

Stating explicitly or implying that HOX genes are the
only regulatory genes.

CC2 7.9 10.3

Evolutionary (EV)
EV1 Characteristics that are

not used are lost
Implying that characteristics that are not used by the

organism are lost simply because they are not used
and not because of the loss of maintenance selection.

CC4 10.4 6.5

EV2 Inheritance of acquired
traits

Implying that evolution proceeds by the inheritance of
acquired characteristics. Among the latter we do not
include potentially legitimate examples such as the
genetic assimilation of induced phenotypes or the
assimilation of learned behaviors, as in the Baldwin
effect.

CC1
CC5

22.6
15.2

11.2
19.6

EV3 Lack of selection results
in stasis

Stating explicitly or implying that evolutionary stasis
occurs only when selection (either stabilizing or
positive) does not occur.

CC2
CC6

23.8
17.3

27.1
11.6

EV4 Lack of understanding of
population-level
processes

Demonstrating a lack of understanding of
population-level processes. For example, attributing
evolutionary adaptation, the population-level
process, to an individual.

CC3 31.9 26.2

EV6 Exclusive gradualism Stating explicitly or implying that all changes in the
phenotype must evolve gradually.

CC1 40.4 40.2

EV9 Selection acts on genes,
not the phenotype

Stating explicitly or implying that selection acts on
genes, independent of the phenotype.

CC3 26.3 20.6

Evo-devo (ED)
ED1 Changes in gene

expression result only
from mutations in
said gene

Stating explicitly or implying that a change in a gene’s
expression must be due to a mutation in the
cis-regulatory enhancers of that gene; not recognizing
the potential for mutations in upstream regulators (in
trans) to alter expression.

CC2
CC4

24.0
27.5

21.5
33.6

ED2 Gene expression evolves
only when genes
appear or disappear

Stating explicitly or implying that gene expression
evolves only because a gene appears or disappears in
the genome.

CC1
CC3
CC4

13.9 17.8
11.2 9.3
45.4* 36.45*

ED3 Phenotypic change can
only result from a
gene appearing or
disappearing

Stating explicitly or implying that phenotypic change
only occurs when genes appear or disappear in the
genome.

CC5
CC6

49.2
27.95

48.6
25.25

ED4 Only closely related
species have
conserved traits

Stating explicitly or implying that only closely related
species can have conserved genes, proteins, or
developmental processes.

CC3 24.4* 22.45*

aFor each item, we used the conceptual difficulties most commonly associated with the targeted core concept. Background information on the
prevalence and descriptions of the conceptual difficulties are given in Hiatt et al. (2013). Most conceptual difficulties were used in only one of
the items targeting any particular concept; a few were used in both items, and in these cases, mean prevalence is shown and marked with an
asterisk.
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Figure 2. Network showing the relationships between each core
concept (black circles) and the associated conceptual difficulties (gray
circles) used to construct distracters for questions addressing that
core concept.

field test 2, we divided these 17 items into two subsets of
8 and 9 items for administration (n = 63). Again, items not
meeting minimal criteria were eliminated or revised, result-
ing in 11 items in field test 3 (n = 168). A few minor changes
were made to this version prior to expert assessment.

Final Validity
The final EvoDevoCI (see Supplemental Material) comprises
four scenarios and 11 items—Crayfish (C1, C2), Centipedes
(N1), Minnows (M1, M2, M3, M4), and Lizards (L1, L2, L3,
L4)—which together target six core evo-devo concepts (see
Table 3). Before the final 11-item CI was administered to stu-
dents, it was subdivided into three surveys and subjected to
scrutiny by experts. We solicited the opinions of experts who
both held a PhD and were actively publishing in the field of
evo-devo (defined as socially determined experts and task-
oriented experts, respectively, by Ericsson et al., 2006). Experts
were asked to review scenarios, items, and all responses ac-
cording to their expertise: Crayfish/Centipede (C1, C2, N1;
n = 3), Minnow (M1, M2, M3, M4; n = 2), and Lizards (L1,
L2, L3, L4; n = 4). In particular, we asked experts whether
items were plausible, accurate, and clear and whether the
item addressed the target concept (Table 5). Experts also had
the option to add commentary to each question and provide

feedback on the targeted core concepts. The percent agree-
ment for each criterion was calculated across individual items
and combined for each scenario (Table 5). We then made final
revisions designed to address problems or concerns raised
by experts and administered the 11-question EvoDevoCI to
students (n = 539) at MCU via Desire2Learn (Desire2Learn,
Kitchener, Ontario, Canada) and at PU, RIM, and RIS via
Qualtrics (Qualtrics Labs, Provo, UT). The CI and a key that
identifies correct answers and describes distracters are pro-
vided in the Supplemental Material.

To determine whether the EvoDevoCI measures the in-
tended construct among biology majors, we grouped results
by the number of biology courses taken (0, 1–2, 3–4, 5–10,
and more than 10). Cronbach’s alpha coefficient (Cronbach,
1951) was calculated for each group using IBM SPSS Statistics
(IBM Corp., Armonk, NY). For all other analyses, the students
were categorized as “novice,” having fewer than five biology
courses, or “advanced,” having five or more biology courses.
As none of the institutions surveyed had a fixed course se-
quence, we did not know precisely the exposure each student
had to evo-devo concepts. Categorizing them into novice and
advanced, rather than course sequence or class standing, was
thus a useful, but rough categorization. The point biserial
correlation coefficient was also calculated for individual test
items (Anderson et al., 2002; Smith et al., 2008).

On the suggestion of reviewers, two small changes were
made to the CI postvalidation: the figure caption for the Min-
now scenario was edited to more accurately describe the im-
age provided and, in question 6, one word in a distracter
(response D; see Supplemental Material) was changed to en-
sure the response directly contradicted the stem.

Final Reliability
Following methods used to develop similar concept inven-
tories (Anderson et al., 2002; Rutledge and Sadler, 2007), we
conducted a test/retest trial to test the reliability of items
(Table 2). In this trial, we administered the 11-question
EvoDevoCI to both novice (0–4 biology courses) and ad-
vanced (≥5 biology courses) students at RIS. We administered
the same test 3 wk later, giving no evo-devo instruction be-
tween test administrations. To test for any effects of question
order or test format (paper vs. online), we selected a portion
of students from a single course to take a paper version of the
survey (n = 27), while the remaining students took an online
survey with randomized question order (n = 25). These data
were normally distributed and unskewed. We were thus able
to use t tests to compare scores on online versus paper and
random-order versus unaltered-order versions of the CI.

RESULTS

Initial Field Tests and Revisions
We subjected early versions of the EvoDevoCI to three sepa-
rate field tests involving 733 undergraduate students at four
institutions. After each field test, scenarios and items in the
CI were eliminated or revised in order to increase readability
and to ensure appropriate difficulty and discriminability of
all items and optimal selection of all distracters (steps 4–8,
Table 1; see Methods for more details). This process yielded
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Table 5. Experts were given a subset of questions on concepts most aligned with their expertise with each expert evaluating 3–4 questionsa

Expert agreement by scenario (% agreement)

Expert survey question
Crayfish/Centipede
(3 questions; n = 3)

Minnows
(4 questions; n = 2)

Lizards
(4 questions; n = 4) Overall

1. Is the scenario plausible? 89 50 94 86.5
2. Does this question address the target concept? 78 75 81 78
3. Is the question clear? 67 75 75 73
4. Is the correct answer accurate given the scenario? 67 50 75 66
5. Do any of the other answers strike you as correct? 11 13 31 19

an indicates the number of experts that evaluated each scenario.

an 11-item CI, which we describe here in terms of its general
features, item quality, validity, and reliability.

General Features of the EvoDevoCI
The CI comprises four scenarios and 11 multiple-choice items
that target six core concepts in evo-devo (Table 3). Although
the list of concepts targeted is by no means exhaustive, we
focused on the core concepts generally considered essential
to undergraduate instruction in evo-devo (Hiatt et al., 2013).
Importantly, distracters for each item are based on common
conceptual difficulties associated with the concept targeted
by the item (Hiatt et al., 2013). Although early versions of the
CI used a broader range of organisms, the final version relies
upon bilaterian animals that are familiar to students: crayfish,
centipedes, minnows, and lizards. To the extent possible, we
followed the recommendations of Nehm and Ha (2011) by
including items that reference within- (Q1–4, 8–11) as well
as between- (Q5–7) species differences and items that refer-
ence evolutionary loss (Q1) as well as gain (Q2), although
most items reference character state changes that are nei-
ther gains nor losses (Nehm and Ha, 2011). The items in the
Lizard scenario that target concepts involving phenotypic
plasticity (Q8–Q10) reference within-species differences gen-
erated within a single generation in order to force students to

consider plasticity, as opposed to rapid evolutionary change.
Of the two items targeting the concept “Mutations that are
less pleiotropic are more likely to contribute to evolution”
(CC3), one references within-species differences (Q2), while
the other references between-species differences (Q7). Con-
sistent with Nehm and Ha (2011), this instance suggests that
between-species differences are more difficult for students,
as a higher percentage of students answered Q2 correctly
(novice = 52.3%; advanced = 57.1%) as compared with Q7
(novice = 32.7%; advanced = 32.4%).

Item Quality
The EvoDevoCI has an average difficulty index (P) of 0.37,
with items ranging in difficulty from 0.22 (Q5/M2) to 0.55
(Q2/C2); see Table 6. There was no significant difference in
item difficulty between novice (x̄ = 0.34) and advanced (x̄=
0.35) students (t(10) = 0.96, p = 0.52, two-tailed; Figure 3).
In fact, for three items (Q3, Q5, and Q10), novice students
actually performed better than advanced students.

A discrimination index (D) was calculated for each item,
and these values range from 0.19 to 0.38 (Table 6), indicating
that items are generally able to discriminate between those
students who score high overall and those who score low
overall.

Table 6. Final statistical analysis of the EvoDevoCI

Analyses na Result Significance

Item analysis
Item difficultyb P = Percent correct 539 P = 0.22–0.55 —
Item discriminabilityb D = Discriminability 539 D = 0.19–0.38 —
Redacted form P = Percent correct 50 Predacted = 0.26 —
Unaltered form P = Percent correct 54 Punaltered = 0.34 —
Validity
Internal Cronbach’s alphac 539 α = 0.31–0.73 p = 0.05

Point biserial correlationb 539 Rpbi = 0.27–0.52 —
Reliability
Test-retest Pearson correlation 81 R = 0.960 p < 0.01
Online vs. paper t test, two-tailed 71 t = 0.63 p < 0.05
Random vs. fixed t test, two-tailed 69 t = 0.79 p < 0.05

an indicates the number of students who took the EvoDevoCI.
bPoint biserial correlations, item difficulty, and item discriminability are calculated for each item and reported as a range.
cCronbach’s alpha is reported for novice students (0 biology courses; α = 0.31) as well as highly advanced students (10+ biology courses;
α = 0.73).
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Figure 3. Difficulty (P) indices for each question, grouped by evo-
devo concept targeted. Novice students have taken 0–4 biology
courses (n = 433); advanced students have taken at least 5 biology
courses (n = 107). For a few questions, the points overlapped and
have been slightly offset to make both visible.

To ensure that student responses relied on the information
provided in the scenarios and item stems rather than on any
inherent plausibility of correct responses versus distracters or
other clues among item responses, we field-tested a redacted
version of the CI that included only item responses without
scenarios or stems. The mean proportion of students who
chose the correct answer across all items on the redacted ver-
sion was close to chance (P = 0.26) and not significantly dif-
ferent from a random distribution (p > 0.05, Mann-Whitney
U-test; Table 6). In contrast, the mean proportion of students
who chose the correct answer on the unaltered version (P =
0.34) was significantly different from a random distribution
(p < 0.001, Mann-Whitney U-test; Table 6). For example, items
targeting the concept “Mutations that are less pleiotropic are
more likely to contribute to evolution” (CC3) showed a 20–
23% increase in the correct response rate in the unaltered as
compared with the redacted version. These results indicate
that the scenarios and question stems are essential for gath-
ering responses that indicate specific conceptual difficulties
with particular concepts, for eliciting evo-devo thinking, and
for ensuring item responses do not provide clues or hints that
would result in students choosing the correct response more
often than by chance.

Validity
To validate the CI, we solicited feedback from a group of evo-
devo experts. To a reasonably high degree, experts agreed on
the overall plausibility (86.5%), clarity (73.0%), and accuracy
(66%) of the scenarios and items (Table 5). In addition, 78.1%
agreed that, overall, scenarios and items did indeed target the
intended concept, while 81.1% agreed that distracters could
not be considered correct. In almost all cases of disagree-
ment, experts provided explanations, and these open-ended
comments were scrutinized and used for revision. Revisions
included changing words and phrases that experts found
problematic; rewording some distracters so as to make them
clearly implausible given the scenario and stem; and target-
ing the concepts “A small number of mutations can make a
large evolutionary difference” (CC1) and “Evolution can oc-
cur by changes in regulation” (CC2) with three items within
the same scenario (Minnows) in response to feedback that
these two concepts are intertwined.

Internal consistency measured by Cronbach’s alpha ranged
from 0.31 to 0.73 (Table 6). Students having taken a greater
number of biology courses (≥5) showed higher inter-item
consistency (α = 0.73) than students having taken only one
or two courses (α = 0.41). Point biserial correlation values
(Rpbi) for items in the CI (range 0.27–0.52) all exceeded the
value of 0.20 recommended by Thorndike (1997).

Reliability
Student scores from test and retest administrations at RIS (n =
81) show consistent performance among the testing instances
(R = 0.96, p < 0.01) when receiving no specific evo-devo
instruction. Alternate forms of the 11-item EvoDevoCI also
show no significant difference in ability to measure evo-devo
understanding: the fixed-order EvoDevoCI version (C1, C2,
N1, M1, M2, M3, M4, L1, L2, L3, L4; x̄ number correct =
3.16) given to students does not significantly vary compared
with a randomized version (x̄ number correct = 2.88) given
to students (t(49) = 0.70, p = 0.49, two-tailed). Additionally,
the fixed paper version did not significantly vary from a fixed
online version (x̄ number correct = 2.92 and 3.16, respectively;
t(58) = 0.63, p = 0.53, two-tailed).

DISCUSSION

The results of the final field test indicate the EvoDevoCI is
a valid and reliable measure of student understanding of
evo-devo, with test items that reference plausible biological
scenarios validated by evo-devo experts. Cronbach’s alpha
is low for undergraduate students having taken few biology
courses, and the tool has increased reliability among students
who have taken five or more biology courses.

The difficulty range for items is high (0.22–0.55; lower num-
bers indicate more difficult items), and the overall difficulty
of the CI is not significantly different for students having
taken less than five biology courses, as compared with stu-
dents having taken five or more biology courses (Figure 3).
This latter result is disappointing, but expected, based on
our previous work indicating that both novice and advanced
students lack the foundational content knowledge needed to
answer evo-devo questions correctly (Hiatt et al., 2013). As
evo-devo instruction gains a larger foothold in mainstream
biology courses, we expect student performance on the
EvoDevoCI to improve. We are currently undertaking ad-
ditional research to examine learning gains after specific in-
struction, asking whether evo-devo understanding improves
when a student possesses developmental biology or other
foundational knowledge.

Student Reasoning and Item Context
Nehm and Ha (2011) have identified a number of contexts
that affect how students reason about evolutionary situations:
plants versus animals, familiar versus unfamiliar species,
gain versus loss of traits, and evolution within versus among
species. These dichotomies are notable, because, while they
do not usually affect how experts interpret questions, stu-
dents often view the opposing contexts as fundamentally dif-
ferent. In the EvoDevoCI, all of the scenarios referenced ani-
mals familiar to biology majors. With regard to gains versus
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losses, most items in the CI reference character-state changes
that are neither straightforward gains nor straightforward
losses. With regard to within- versus between-species
differences, the CI contains a mix of both. In a case in which
a shared target concept allowed for comparison, we found
the pattern observed by Nehm and Ha (2011), namely, that
items referencing between-species differences are more diffi-
cult, particularly for novices. By either controlling for con-
texts that provoke differences in students’ reasoning (i.e.,
for animals vs. plants and gains vs. losses) or including a
mix of both sides of the dichotomy (i.e., for within- versus
between-species differences), we have attempted to minimize
unwanted variation in student reasoning, while examining a
diversity of potential contexts when possible.

Prevalence of Evo-Devo Conceptual Difficulties
Our previous research revealed that students often fail to mas-
ter evo-devo concepts because they lack foundational con-
cepts from developmental biology, genetics, and molecular
biology (Hiatt et al., 2013). Because distracters for any par-
ticular item in the CI were based on conceptual difficulties
empirically associated with the concept targeted by the item
(Hiatt et al., 2013), more broadly associated conceptual dif-
ficulties have greater representation among distracters. The
conceptual difficulty with the greatest representation, associ-
ated with four concepts, is “Lack of development” (DV1), fol-
lowed by “Gene expression evolves only when genes appear
or disappear” (ED2), which is associated with three concepts
(Figure 2). In contrast, three of the conceptual difficulties as-
sociated with the concept “Mutations that are less pleiotropic
are more likely to contribute to evolution” (CC3) are exclu-
sively associated with that concept and thus are represented
less among distracters.

Although advanced students did not perform signifi-
cantly better on the EvoDevoCI than novice students, gen-
erally speaking, advanced students did choose specific dis-
tracters/conceptual difficulties at lower frequencies than did
novice students (Table 4), in some cases, much lower (8.55%
lower for DV1 in an item targeting CC2; 11.4% lower for EV2
in a CC1 item; and 8.95% lower for ED2 in a CC4 item). This
trend is expected if indeed students overcome the concep-
tual difficulties associated with evo-devo concepts as they
progress from novice to advanced. Exceptions to this trend
identify conceptual difficulties for which current modes of in-
struction have either no effect or a reverse effect. For example,
the percentage of students choosing the distracter “Lack of
development” (DV1) in an item targeting CC5 did not change
much. In the cases of “Changes in gene expression result
only from mutations in said gene” (ED1) in a CC4 item and
“Inheritance of acquired traits” (EV2) in a CC5 item, advanced
students chose the distracters 6.1% and 4.4% more frequently
than novice students, respectively.

The fact that some conceptual difficulties in understanding
evolution are encountered only or more commonly among
advanced students has been reported (Andrews et al., 2012).
In these cases, it could be that some conceptual difficulties
actually require more knowledge and are not encountered
until students have some exposure to developmental biology
or evo-devo. An expert is able to apply a subset of his or
her knowledge to particular problems with less effort than a
student (Bransford et al., 2000). In our study, however, while

advanced students likely hold a larger repertoire of evo-devo
content knowledge than novice students, they still seem to
lack the ability to apply this knowledge to particular prob-
lems and instead may incorrectly associate more sophisti-
cated concepts or supply factually correct but unlikely solu-
tions. A caveat here is that our categories of “novice” and
“advanced” are based merely on the number of biology
courses taken and likely include students that have had an
array of different course experiences. More precise data on
prior concept exposure would be useful for any future stud-
ies of students’ conceptual difficulties with evo-devo.

Limitations
An instrument such as the EvoDevoCI has intrinsic limita-
tions. For one, our goal of a short instrument that takes little
class time required that our assessment be based on rela-
tively few multiple-choice questions targeting only the most
essential core concepts. This necessarily limited the breadth
of the instrument, precluding the inclusion of more sophis-
ticated evo-devo concepts that are nonetheless arguably of
great evolutionary importance. These included canalization,
genetic assimilation and accommodation, gene–environment
interactions, epigenetic modification of DNA, gene dupli-
cation and genome evolution, serial homology, modularity,
facilitated evolution, and the evolution of multicellularity.
Supplementing the EvoDevoCI with 1) questions on ad-
ditional topics, 2) reasoning contexts, and 3) two-tiered
(Treagust and Haslam, 1986) or open-ended questions (Nehm
and Schonfeld, 2008) ought to increase breadth when assess-
ing student understanding of evo-devo.

The utility of this particular tool lies in its ability to assess
understanding of a range of evo-devo concepts, all consid-
ered vital for undergraduate biology majors, rather than ex-
haustively assessing a single knowledge construct. While, in
theory, a maximally reliable CI would examine only a single
knowledge construct, the EvoDevoCI includes items exam-
ining five distinct evo-devo concepts, all of which are in-
terdisciplinary in nature. This predictably results in a lower
Cronbach’s alpha value, which is typical of similar CIs, such
as the Genetics Concept Assessment (Smith et al., 2008). The
construction of a CI requires balancing the reliability of the
instrument to capture student understanding on the one
hand with practicality and usability on the other (Adams and
Wieman, 2010).

Finally, in constructing the EvoDevoCI, we have no desire
to canonize any part of evolutionary developmental biology.
Instead, we recognize that, as our scientific understanding
of evo-devo improves, our inventory of evo-devo concepts
and attendant conceptual difficulties, along with the tool we
designed to assess them, must also change. Our hope is that
future tools designed to assess student knowledge of evo-
devo will benefit from and build upon the EvoDevoCI.

Uses for the EvoDevoCI
The EvoDevoCI is a diagnostic test designed to assess con-
ceptual understanding of a set of core concepts in evo-devo
among undergraduate biology majors. Given that the CI has
been validated with a geographically and institutionally di-
verse student population, ranging from freshmen to seniors,
the tool has different potential applications.
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At RIS, faculty members currently use the EvoDevoCI
pre- and postinstruction to assess the knowledge students
gain from an evo-devo unit taught in upper-level courses in
evolution and embryology and lower-level courses in animal
biology. In these applications, the CI is taken online with a
2- or 3-wk interval between pre- and postadministrations.
Similarly, faculty members at MCU have administered the CI
during the first and last weeks of courses in organismal bi-
ology to assess newly implemented evo-devo instruction in
these courses.

Our hope is that the EvoDevoCI can be used to complement
the growing number of diagnostic instruments, allowing in-
structors to capture a more complete snapshot of student
understanding of evolution. As per the recommendations of
Vision and Change (Bauerle et al., 2011), the EvoDevoCI mar-
ries disciplines and focuses on assessing concepts. Because
of the exclusive focus on concepts, however, we advise using
the EvoDevoCI in conjunction with assessments designed to
assess competencies. In this way, student knowledge of both
evo-devo concepts and the practices used to arrive at them
can be fully assessed.
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