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Abstract: To improve assessments of academic achievement, test developers have been urged to
use an ‘“‘assessment triangle” that starts with research-based models of cognition and learning [NRC
(2001) Knowing what students know: The science and design of educational assessment. Washington,
DC: National Academy Press]. This approach has been successful in designing high-quality reading and
math assessments, but less progress has been made for assessments in content-rich sciences such as
biology. To rectify this situation, we applied the “assessment triangle” to design and evaluate new items
for an instrument (ACORNS, Assessing Contextual Reasoning about Natural Selection) that had been
proposed to assess students’ use of natural selection to explain evolutionary change. Design and scoring
of items was explicitly guided by a cognitive model that reflected four psychological principles: with
development of expertise, (1) core concepts facilitate long-term recall, (2) causally-central features
become weighted more strongly in explaining phenomena, (3) normative ideas co-exist but increasingly
outcompete naive ideas in reasoning, and (4) knowledge becomes more abstract and less specific to the
learning situation. We conducted an evaluation study with 320 students to examine whether scores from
our new ACORNS items could detect gradations of expertise, provide insight into thinking about evolu-
tionary change, and predict teachers’ assessments of student achievement. Findings were consistent with
our cognitive model, and ACORNS was revealing about undergraduates’ thinking about evolutionary
change. Results indicated that (1) causally-central concepts of evolution by natural selection typically
co-existed and competed with the presence of naive ideas in all students’ explanations, with naive
ideas being especially prevalent in low-performers’ explanations; (2) causally-central concepts were
elicited most frequently when students were asked to explain evolution of animals and familiar plants,
with influence of superficial features being strongest for low-performers; and (3) ACORNS scores
accurately predicted students’ later achievement in a college-level evolution course. Together, findings
illustrate usefulness of cognitive models in designing instruments intended to capture students’ develop-
ing expertise. © 2012 Wiley Periodicals, Inc. J Res Sci Teach 49: 744-777, 2012
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Assessments of student knowledge and reasoning patterns play a central role in research
on science teaching. At their most effective, assessment instruments provide valid and reliable
inferences about student conceptual progress, thereby facilitating guidance in targeting
instruction and evaluating instructional efficacy (NRC, 2001). Despite their high potential,
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however, assessment instruments for content-rich domains, such as biology, often lack validity
in even the narrow sense described by Linn, Baker, and Dunbar, (1991)—that is, the ability
to independently predict outcomes on real-world assessments (e.g., teacher-developed
achievement tests). At their least effective, instruments may yield contradictory or false infer-
ences about student knowledge, misconceptions, or reasoning processes (Nehm & Schonfeld,
2008). For some content areas—such as students’ understanding of evolutionary processes—
there are still remarkably few tools available for validly assessing students’ progress (Nehm,
2006).

One suggestion for strengthening validity arguments for science assessment instruments
comes from recent reform documents. The NRC (2001) report highlighted the need to devel-
op measurement tools that are guided by cognitive models of progression towards compe-
tence. Indeed, as noted by the NRC (2001, p. 6) “One of the main features that distinguishes
the committee’s proposed approach to assessment design from current approaches is the
central role of a model of cognition and learning.” The rationale for this recommendation is
largely built from research on cognitive differences between novices and experts. Across
a wide-range of subjects (e.g., chess, physics, mathematics), the gradual progression from
novice to expert involves significant changes in what—and, more importantly, how—informa-
tion is stored and retrieved from long-term memory, such as when solving problems (Chi,
Feltovich, & Glaser, 1981; Ericsson & Smith, 1991; Sabella & Redish, 2007). Because
science assessments necessarily require learners to access their long-term memory, these dif-
ferences between novices and experts have strong implications for assessment design.
Specifically, differences between experts and novices highlight the critical features of profi-
ciency that should be the targets for assessment (NRC, 2001). This strategy has proven highly
useful in designing assessments of mathematics and physics (e.g., Hunt & Minstrell, 1994;
Marshall, 1995; White & Frederiksen, 1998), but it has never been applied to improve the
validity of evolution assessment instruments.

Constructing a validity argument for science assessment instruments may be guided by
an “‘assessment triangle”” (NRC, 2001; see Figure 1). This heuristic emphasizes the relation-
ships among cognitive models, assessment methods, and inferences from assessment scores
(Kane, 2001; NRC, 2001). Within this framework, a cognitive model of the novice-to-expert
progression in student thinking is crucial because it explains varying levels of performance
and thus guides assessment design and interpretation. Valid assessment methods, in turn, are
“a set of specifications for assessment tasks that will elicit illuminating responses from stu-
dents” (NRC, 2001, p. 42)—that is, ones that will allow students to meaningfully express
their scientific understanding and reasoning processes. Finally, valid inferences about student
thinking and understanding are possible from assessment scores by using quantitative meth-
ods designed to detect ‘““patterns one would expect to see in the data given varying levels of
student competency” (NRC, 2001, p. 43). Together, these three vertices of the assessment
triangle have proven useful for organizing, building, and evaluating integrative validity argu-
ments (Kane, 2001; Marion & Pellegrino, 2006). A similar approach seems likely to help
design and evaluate whether an evolution assessment captures how students’ reasoning pro-
cesses produce models of evolutionary causation.

In this paper, we report on an interdisciplinary effort aimed at developing and evaluating
an assessment instrument that could measure students’ use of the core concepts of natural
selection when explaining evolutionary change. From the perspective of evolutionary biology,
this construct is essential to assess because the actual work of evolutionary biologists is to
use the core concepts of natural selection (variation, heritability, and differential survival) to
explain what causes changes in phenotypic frequency to occur over time. Also, for more than
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Figure 1. The assessment triangle from the NRC (2001).

30 years, constructed-response explanation tasks have been used to assess student reasoning
about evolution (e.g., Bishop & Anderson, 1990; Clough & Driver, 1986). Recent work has
provided evidence that inferences about students’ evolutionary reasoning derived from these
constructed-response explanation tasks: (1) are reliable and differentiate beginning biology
students from evolutionary biologists (Beggrow & Nehm, 2012; Nehm & Ridgway, 2011;
Nehm & Schonfeld, 2008) and (2) outlined some item characteristics that impact student
reasoning processes (Nehm & Ha, 2011). This research led to a proposed set of items—
ACORNS [Assessing COntextual Reasoning about Natural Selection]—for teachers to use as
classroom case studies. Empirical evidence about the validity inferences for two of the items
provided.

Here, we address several important issues about the proposed ACORNS items. The most
important issue we sought to address was that ACORNS (like every other assessment in
biology) had not been linked to a research-based cognitive model of student reasoning, de-
spite NRC recommendations. Specifically, the novel contributions of the study reported in
this paper include: (1) developing new items based on a cognitive model of student reasoning
about evolutionary change, (2) defining characteristics to differentiate students’ quality of
explanations, (3) defining item characteristics that can be manipulated to assess students’
consistency in the quality of explanation, and (4) providing empirical evidence to support
interpretations about the quality of the explanations. In short, 30 years of prior work with
evolution explanation tasks had not been linked to core findings from cognitive science, de-
spite the rich potential of these findings for designing items that would allow us to know
what students know about evolutionary change.

Following the “assessment triangle”, our paper is organized into three main parts: (1) A
research-based cognitive model of students’ explanations of evolutionary change, (2) observa-
tion and inference, and (3) item evaluation. We start at the “Cognition” vertex of the triangle
and review basic findings from cognitive science on the organization of information in memo-
ry and the gradual development of expertise (and science expertise in particular). Then, we
turn to the “Observation and Inference” vertices of the triangle and describe a general set of
specifications for science assessment tasks that are likely to reveal thinking in a manner that
can illuminate gradations of competence (cf. Alonzo & Gotwals, 2012). Here, we show how
four new ACORNS items illustrate these principles. Finally, in “Item Evaluation,” we report
on an empirical study of undergraduate biology students that tested whether our new items
were capable of capturing the graded sophistication in the explanations predicted by our
cognitive model. Finally, we end our paper by discussing how the cognitive framework we
developed may be applied to develop assessments of students’ understanding in other science
domains.
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A Research-Based Cognitive Model of Students’ Explanations of Evolutionary Change

In this section, we review basic findings from cognitive science on the organization of
information in memory and the gradual development of expertise (and science expertise in
particular). The purpose of this literature review is to illustrate how a research-based cognitive
model can inform the design of an assessment that will measure students’ use of the concepts
of natural selection to explain evolutionary change. In this literature, four large themes were
evident. As we will see, each theme has unique implications for how assessments should be
designed, and how scores from such assessments can be used to infer cognitive competencies.
The first two themes concern how information is represented and retrieved from long-term
memory; these two themes are important because assessment instruments (at a minimum)
require students to retrieve information from memory. The second two themes concern how
expertise on evolutionary change gradually develops over the lifespan (cf. NRC, 2007). These
next two themes are important because they provide assessment instruments with targets for
graded competence.

Theme 1: In the Development of Expertise, Core Concepts Facilitate Long-Term Recall.
From the perspective of cognitive science, much of the work of educators can be described as
an effort to improve (directly or indirectly) how students store information in long-term mem-
ory so that information can be recalled for use in appropriate contexts, such as when explain-
ing evolutionary change (Anderson, Reder, & Simon, 2000). Through the last century of
research on memory, two major findings stand out as being particularly relevant for designing
high-quality assessments. The first finding is that knowledge that is acquired with understand-
ing (e.g., through “elaborative rehearsal”; Craik & Lockhart, 1972) is retained better and
transferred better than that which is acquired by rote (Katona, 1940). For example, by mental-
ly converting, or “encoding”, meaningless doodles as meaningful scenes (Bower, Karlin, &
Dueck, 1975), or by encoding a meaningless string of sentences as having a causal interpreta-
tion (Bransford & Johnson, 1972; Krascum & Andrews, 1998), learners can improve their
ability to recall previously studied information in appropriate contexts. One of the primary
differences between expert and novices is the manner in which they organize information;
this, in turn, affects how it is used (Chi, 2006). The second major finding is that when infor-
mation is encoded into a meaningful *“gist”’, the meaning of information can be retained for a
longer period of time, but literal details of the information studied are no longer recognized
(Brainerd & Gordon, 1994). For example, when learning about the biological properties of
individual animals that could be encoded as “true of birds” versus “‘true of bears”, recogni-
tion of the specific animals studied declines even as learning of the biological facts improves
(Sloutsky & Fisher, 2004).

An important implication of these findings about long-term memory is that students’
recall of STEM information (e.g., on exams and standardized tests) is likely facilitated by
encoding information using the “core concepts” of the field (Griffin, Siegler, & Case, 1994;
Inagaki & Hatano, 2004; Vosniadou & Brewer, 1992). For example, the biological concepts
plant and animal are core concepts in taxonomy: they allow one to classify organisms, to
make inferences on the basis of shared category-membership, and to make sense of newly
discovered facts about individual plants and animals. Despite knowing the words “plants”
and “‘animals”, however, young children do not appear to share biologists’ (and adults’)
concept plant and animal (e.g., children typically claim that trees are not plants and humans
are not animals; Anglin, 1977; Carey, 1985). Lacking these core concepts, children instead
encode new information about the biological properties of organisms (e.g., whether it
breathes) by comparing the organism to people (Inagaki & Hatano, 2004). How novice
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children encode biological information has an impact on their ability to recall biological facts.
When asked about animals that resemble people, children recall much more than when asked
about non-human animals (e.g., goldfish) that do not closely resemble humans—unless given
a “hint” reminding them of the ways that the non-human animal is like people (Inagaki &
Hatano, 2004). The importance of “‘core concepts” for encoding information is not unique to
biology, but can be observed in other STEM disciplines as well, including mathematics (Case
& Okamoto, 1996; Opfer & Siegler, 2012), astronomy (Vosniadou & Brewer, 1992), and
physics (McCloskey, 1983). Moreover, this finding is educationally important because student
understanding of core concepts typically predicts later memory for curriculum-based content
(Au et al., 2008; Booth & Siegler, 2006), thereby making assessment of core concepts partic-
ularly important (see also, AAAS, 1993; NRC, 1996).

Within evolutionary, ecological, and organismal biology, the core concepts of natural
selection, variation, heritability, and differential survival, are particularly important, allowing
myriad biological facts to be acquired with understanding (Dobzhansky, 1973)—and thus
(theoretically) more likely to be recalled. What makes these three concepts ““core” in evolu-
tion is that they provide the necessary and sufficient conditions for natural selection (e.g.,
Endler, 1992; Lewontin, 1978; Nehm & Schonfeld, 2010; Patterson, 1978; Pigliucci &
Kaplan, 2006). Further, in line with our cognitive model, use of these core concepts in expla-
nations of evolutionary change is associated with increasing expertise in the field. That is,
beginning biology majors use these core concepts very infrequently compared to more ad-
vanced majors (Beggrow & Nehm, 2012), and advanced majors use them less frequently in
their explanations than practicing evolutionary biologists (Nehm & Ridgway, 2011).

Theme 2: In the Development of Expertise, Causally-Central Information is Weighted
More Heavily in Student’s Explanations. The second cognitive principle guiding our assess-
ment development is the finding that experts are much more likely than non-experts to repre-
sent causally relevant features as explaining other information (Ahn, Gelman, Amsterlaw,
Hohenstein, & Kalish, 2000; see Keil, 2006; Lombrozo, 2012, for reviews). For example,
young children often understand that illness is a biological rather than social event, yet only
older children grasp the causal role of germs in illness and what germs need to exist (Au,
Romo, & DeWitt, 1999). Grasping causally relevant features is important, not only because
they are useful markers of advanced understanding, but because they also enable students to
appreciate how phenomena (e.g., the spread of illness) can be controlled, reduce attention to
non-causal variables (e.g., sharing a swimming pool) that might interfere with understanding,
and improve the quality of students’ explanations (Keil, 2006).

The fact that experts are more likely to use causally-central information in their explana-
tions than non-experts also helps to explain the previously described finding that experts can
recall more information in their field of expertise than non-experts. That is, causal informa-
tion can serve to organize other information in a way that makes it easier to recall (Fenker,
Waldmann, & Holyoak, 2005; Krascum & Andrews, 1998; Woods, Brooks, & Norman,
2007). For example, rather than memorizing four features about birds—that birds build nests
in trees, fly, have wings, and have bird DNA, an expert can understand these four disconnect-
ed features as just three causal relations—that is, birds build nests in trees because they can
fly, they fly because they have wings, and they have wings because they have bird DNA. As
might be expected, experiments indicate that fostering understanding of such causal relations
helps novices both understand biological facts and to recall the information over a longer
period of time (Krascum & Andrews, 1998; Woods et al., 2007).

To understand how evolutionary expertise might be associated with changes in explana-
tion quality, research on the psychology of explanation is highly useful. Specifically,

Journal of Research in Science Teaching



COGNITIVE FOUNDATIONS FOR ASSESSMENT DESIGN 749

psychologists (with roots in Aristotle) have identified three types of explanations (Lombrozo
& Carey, 2006; Opfer & Gelman, 2001; Prasada & Dillingham, 2006). Mechanistic explana-
tions (cf. Aristotle’s ““efficient cause’’) explain by appeal to parts and processes. Essentialist
explanations (cf. Aristotle’s ‘““formal cause’) explain by appeal to category membership.
Teleological explanations (cf. Arisotle’s “final cause’) explain by appeal to functions or
goals. To illustrate this taxonomy, Lombrozo (2012) considers explanations for why a particu-
lar tire is round. Explaining the roundness by appeal to the tire’s manufacturing process (*“it’s
round because the rubber is pressed together in a round mold”’) would qualify as mechanistic;
explaining by appeal to the objects’ category membership (““it’s round because it’s a tire’’)
would qualify as essentialist; explaining by appeal to its function in generating efficient
movement (““it’s round so that it can roll”’) would qualify as teleological.

Psychological research on explanation has direct implications for assessing the quality of
students’ explanations of evolutionary change. Some types of explanations are scientifically
normative, whereas others are not. Scientifically normative explanations are ones using the
core concepts of natural selection (discussed above), which appeal to purely mechanistic
causes. In contrast, teleological explanations (e.g., “‘winged seeds evolved so that they would
disperse”’) posit causes that are not normative: even if winged seeds had the effect of dispers-
al, this fact alone could not cause the trait to originate and be passed on to offspring.
Similarly, essentialist explanations (e.g., “the elm evolved winged seeds because it’s an an-
giosperm’”) are also not normative because they imply that categories of living things are
fixed in nature, an idea that implicitly contradicts the very possibility of evolution by natural
selection. Thus, a theoretically important element in the progression toward expertise in evo-
lutionary biology is increasing appeal to the mechanistic causes that are central to evolution
(i.e., the concepts of natural selection) and decreasing appeal to final and formal causes.

The idea that final and formal causes would play a large role in novice explanations of
evolutionary change has received some support in research on cognitive development.
Specifically, three “‘cognitive biases” have been identified in children’s biological reasoning:
(1) essentialist biases, the tendency to treat category members as having an enduring, herita-
ble, “true nature” (Evans, 2001; Gelman, 2004; Shtulman, 2006; Shtulman & Schulz, 2008);
(2) teleological biases, the tendency to treat features and actions of category members as
existing for some purpose (Kelemen, 2003; Kelemen & Rosset, 2009; Opfer, 2002; Opfer &
Gelman, 2001); and (3) intentionality biases, the tendency to assume that events are directed
by some intelligence (Bartsch & Wellman, 1995; Inagaki & Hatano, 2002; Sinatra,
Southerland, McConaughy, & Demastes, 2003; Sinatra, Brem, & Evans, 2008). Previous re-
search with children and museum visitors had indicated that these three naive beliefs tend to
co-exist when explaining biological events (Evans et al., 2010; Poling & Evans, 2002). From
previous assessment instruments (e.g., Bishop & Anderson, 1990; Brumby, 1984; Clough &
Wood-Robinson, 1985; Dagher & BouJaoude, 1997), however, it is again unclear whether
these same cognitive biases would affect biology majors’ reasoning about evolution and
whether overcoming these cognitive biases would be associated with increasing competency.
Furthermore, it is unclear whether these previous instruments allow students to reflect such
cognitive biases.

Theme 3: Throughout the Development of Expertise, Normative, and Naive Ideas
Continue to Co-Exist. The third theme guiding our assessment development process is that
growth of expertise is not all-or-none (Alonzo & Gotwals, 2012; Chi, 2006; Nehm &
Ridgway, 2011; Vosniadou & Brewer, 1992). Rather, over the course of learning, expert and
non-expert approaches often co-exist and compete for use in any given context or assessment
event. A classic example of this co-existence of normative and naive ideas comes from

Journal of Research in Science Teaching



750 OPFER ET AL.

research by Vosniadou and Brewer (1992), who found that children who initially believed the
earth to be flat spent many years after instruction to hold the contradictory beliefs that the
earth is both flat and spherical.

This classic example of the co-existence of normative and naive ideas is certainly not
unique to thinking about astronomy. For example, on the way to learning that plants and
animals are living things, young children often make one of two errors—either maintaining
that only animals are alive or maintaining that everything is alive (Opfer & Siegler, 2004). As
children gain experience, these two errors become much less prevalent, but under time pres-
sure, older children—and even college professors of biology!—display such errors, either by
making them overtly, or by taking more time to recognize that a plant is alive than to recog-
nize that an animal is alive (Goldberg & Thompson-Schill, 2009). Thus, even for a basic
concept in biology (the life status of plants), naive ideas can persist for many years and with
much education. For the same reason, we might expect teleological and essentialist explana-
tions to co-exist with use of core concepts as students progress in evolutionary biology.

Theme 4: In the Development of Expertise, Knowledge Becomes More Abstract and Less
Specific to the Learning Situation. The final theme guiding our assessment is the finding that
novices are much more heavily influenced than experts are by the superficial features of the
problem-solving context (Chi et al.,, 1981; Kirsh, 2009; Nehm & Ridgway, 2011). Thus,
young learners typically fail to generalize what they have learned because they attend to too
much information or to the wrong information (Bulloch & Opfer, 2009; Gentner, 1988;
Hartshorn et al., 1998; Keil & Batterman, 1984). These same deficiencies also mark adult
performance in domains in which they have had little experience. Like children, adult novice
generalizations overly rely on immediately perceptible and salient features while experts are
able to use abstract information that has been most reliable in their past experience (Barnett
& Ceci, 2002; Gentner & Markman, 1997; Gick & Holyoak, 1983; Newell & Simon, 1972;
Opfer & Bulloch, 2007). For example, when solving biology problems that apply equally to
plants and animals, early learners—who typically have much more experience with animals
than plants—often succeed when the problems are about animals, but not when they are about
plants (Opfer & Gelman, 2010).

The finding that knowledge becomes more abstract and less specific to the learning situa-
tion has an immediate implication for the quality of student explanations of evolutionary
change. Specifically, experts would be expected to use the core concepts of natural selection
in a way that abstracts over the superficial features of problems (e.g., whether explaining
evolutionary changes in a plant versus an animal), whereas novices would be expected to use
these concepts most often for problems that were highly similar to those they encountered in
their lessons.

Observations and Inferences
Observations: The Assessment Tasks

The four themes from cognitive research on the progression of expertise provide central
insights into the design of assessment instruments (NRC, 2001). Nevertheless, these cognitive
principles must be carefully and deliberately linked to assessment tasks. As emphasized by
the NRC (2001, p. 47), “The tasks to which students are asked to respond on an assessment
are not arbitrary. They must be carefully designed to provide evidence that is linked to the
cognitive model of learning and to support the kinds of inferences and decisions that will be
based on the assessment results.” In this section, we discuss recent findings from science
assessment research that illuminate how inferences about student cognition are constrained by
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the types of tasks used to assess students. We focus of four key ideas stemming from our
cognitive models: (1) prioritizing recall over recognition; (2) detecting students’ use of caus-
ally central information; (3) permitting co-existence of scientific and naive ideas; and (4)
attending to task surface features. We link this work to the observations and inferences we
seek to derive from our assessment tasks.

Prioritizing Recall Over Recognition. Previous research on natural selection assessment
methods has revealed that knowledge recognition tasks (e.g., recognition of discrete “‘pieces”
of information shown in multiple-choice tests) produced weaker associations with clinical
interview scores than knowledge recall tasks (open-ended writing formats; Beggrow & Nehm,
2012; Nehm & Schonfeld, 2008). From a cognitive standpoint, these high correlations
between clinical interviews and open-ended writing formats and low correlations between
multiple-choice assessments and open-ended writing formats are to be expected. Both clinical
interviews and open-ended writing formats require free recall rather than recognition, and
free recall tasks provide a more robust test of whether students have converted the details of
their lessons into a meaningful “gist” (see “Core Concepts Facilitate Long-Term Recall”
above). For this reason, our assessments of student reasoning about natural selection require
free recall, specifically the production of written explanations, rather than recognition.

Detecting Students’ Use of Causally-Central Information. The second issue to be consid-
ered in assessment task design is whether the task allows students to reflect their understand-
ing about the causally central features of natural selection and how this understanding is
related to their understanding of non-causal features of the evolutionary process. From an
assessment standpoint, eliciting explanations of evolutionary change—rather than descrip-
tions—are highly useful for probing student’s causal understanding of evolutionary change
because students typically expect that good explanations should mention causally central in-
formation (Callanan & Oakes, 1992; Keil, 2006; Lombrozo, 2006). Moreover, the types of
concepts that students use to explain evolutionary change are also highly revealing about their
thinking about the causes of evolution.

Permitting Co-Existence of Normative and Naive Ideas. The third issue to be considered in
the design of assessment tasks is permitting the coexistence of normative (scientific) and non-
normative ideas (cognitive biases) (Legare, Evans, Rosengren, & Harris, 2012; Nehm & Ha,
2011; Nehm, Ha, & Mayfield, 2012). To observe co-existence patterns, open-ended formats
have been empirically demonstrated to be particularly useful (Ha, Nehm, Urban-Lurain,
& Merrill, 2011). Multiple true-false formats (Frisbie, 1992), and ordered multiple choice
formats (Briggs, Alonzo, Schwab, & Wilson, 2006) are also capable of detecting co-existence
of normative and naive ideas but no such instruments exist for the topic of evolution. Instead,
all extant multiple-choice evolution assessments force students to choose between normative
scientific and non-normative naive explanations of evolutionary change (e.g., Conceptual
Inventory of Natural Selection (CINS); Anderson, Fisher, & Norman, 2002) and therefore fail
to uncover when students believe both (or neither) types of concepts to be correct.

For our purposes, normative scientific ideas refer to all key concepts (core and other) of
natural selection outlined in the evolution education literature (e.g., Bishop & Anderson,
1990; Nehm & Reilly, 2007) and non-normative ideas refer to the cognitive biases outlined in
the cognitive science literature (Sinatra et al., 2008).

Attending to Task Surface Features. A final consideration of assessment design relates to
the surface features of the open-response tasks (Alonzo & Steedle, 2009; Nehm & Ha, 2011).
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That is, assessment tasks need to be designed to assess students’ concept use not only for
features that are highly similar to the ones that they encountered in their coursework (e.g.,
Darwin’s finches, antibiotic resistance), but novel contexts as well (e.g., prosimian tarsi). [tem
surface feature similarity is important because it should differentiate students who have suc-
ceeded in memorizing previous explanations of evolutionary change from those who possess
an abstract and principled understanding of the mechanistic basis of evolution. Extant natural
selection instruments like the CINS only assess student reasoning about familiar animals;
plants and other lineages are absent from the assessment.

Which superficial features of items ought to be varied for students? A content analysis
of popular textbooks in biology indicated that the most frequent exemplars of
evolutionary change involve familiar items (e.g., elms rather than labiatae) and animals
(e.g., snails rather than elms). As a result, we should be concerned about the impact of
these two types of superficial features—familiarity of items and taxon—on students’
explanations of evolutionary change. From a purely biological standpoint, of course, these
superficial features should not affect students’ explanations: that is, the key concepts of
evolution hold equally for the familiar e/m and the unfamiliar labiatae, as well as for elms
and snails.

Similarly, the use of naive ideas (such as cognitive biases) is equally invalid for familiar
and unfamiliar organisms, as well as for plants and animals. Presumably for this reason, no
previous assessments of evolution understanding attempt to systematically vary these superfi-
cial properties. However, from a cognitive standpoint, superficial characteristics can play a
large role in students’ reasoning and detecting conceptual progress, with non-experts applying
better understanding to familiar than to unfamiliar items, as well as showing different patterns
of reasoning for animals versus plants. Consequently, familiarity and taxon might also affect
low-competence students’ use of key concepts and cognitive biases about evolution. Indeed, a
recent study of evolution experts and novices demonstrated that novices had greater difficulty
reasoning across diverse suites of surface features (Nehm & Ha, 2011; Nehm & Ridgway,
2011).

Table 1 presents the assessment tasks developed in consideration of the four principles
stemming from our cognitive model. The table reflects the manipulation of the taxa and the
traits. To systematically vary animacy and familiarity, the taxa and traits used in the items

Table 1
Assessment items

Plant Animal

High frequency/familiarity ~ A species of elm (plants) produces
winged seeds. How would
biologists explain how an elm tree
species with winged seeds evolved
from an ancestral elm species that
did not produce winged seeds?

A species of labiatae (plants) is

A species of snail (animals) is
poisonous. How would biologists
explain how this poisonous snail
species evolved from an ancestral
snail species that was not
poisonous?

Low frequency/familiarity A species of prosimian (animals) has

known to have pulegone. How
would biologists explain how this
labiatae species with pulegone
evolved from an ancestral labiatae
species that had no pulegone?

long tarsi. How would biologists
explain how this prosimian species
with long tarsi evolved from an
ancestral prosimian species that
had short tarsi?
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were selected using PageRank (Page, Brin, Motwani, & Winograd, 1998), a key component
of the Google search engine, and a highly-useful and broadly-tested proxy for the frequency
of text that students encounter and their familiarity with that text (Griffiths, Steyvers, &
Firl, 2007). PageRank makes it possible to approximate an equalization of familiarity over
plants and animals (e.g., snails and elms are more similar in PageRank than fish and elms)
and to vary familiarity within taxa (e.g., elms has fewer PageRanks than labiatae) on the
basis of objective metrics rather than researcher intuition (please see Supporting Information
Figure 1).

In summary, assessment tasks must be designed in a way that they are capable of reveal-
ing the cognitive processes central to detecting evolutionary reasoning progressions
(cf. Beggrow & Nehm, 2012; Nehm & Ridgway, 2011). Specifically, these assessment tasks
must be capable of: (1) prioritizing recall over recognition; (2) detecting students’ use of
causally central concepts; (3) permitting the co-existence of scientific and naive concepts; and
(4) attending to task surface features. Open-response assessment formats in general (and the
items in Table 1 in particular) are capable of addressing all of these task features, and exten-
sive scoring rubrics have been developed (for a review of the strengths and limitations of
open-response assessments, see Nehm & Schonfeld, 2008). These are explained in the next
section.

Coding Students’ Explanations: Capturing Core Concepts and Cognitive Biases in Student
Explanations of Evolutionary Change

To detect use of causally central versus non-causally central information in students’
explanations, it is important to distinguish between students’ use of two sets of scientifically
normative ideas (core key concepts vs. other key concepts). As illustrated in Table 2, explana-
tions containing core key concepts appeal to variation, heritability, and differential survival,
rather than non-causal (but scientifically normative) concepts, such as competition, hyper-
fecundity, limited resources, and changes in population distributions.

Table 3 illustrates how students’ use of key concepts and cognitive biases were scored,
and Table 4 presents examples of scored explanations (for full details on scoring key concepts
and cognitive biases, see Nehm et al., 2010; for previous method of scoring key concepts in
ACORNS items, see Nehm, Beggrow, Opfer, & Ha, 2012). For example, to be credited with
using the concept of variation as a cause of evolutionary change, a student had to explicitly
refer to mutation or the random change of genetic information as causing the evolutionary
change, rather than simply mentioning that organisms vary in some trait. Coding of cognitive
biases also required explicit language linking final and formal causes to evolutionary change.
To be coded as providing a teleological explanation, students had to provide explicit teleolog-
ical language, such as so that or in order to, linking the goal or function of some trait with its
origin.

Our method for inferring competence differs from that of other assessment tools.
Existing evolution assessment instruments (e.g., CINS) give equal weight to students’ knowl-
edge of causally central and causally peripheral ideas. For example, some extant tests give
equal weight to the concept of differential survival and competition despite the fact that these
two concepts have different causal status (e.g., Lewontin, 1970). Such equal weighting is
discordant with how evolutionary biologists conceptualize explanations of evolutionary
change (Nehm & Ridgway, 2011; see also Table 4 for expert examples). Further, science
educators have noted that increasing competence within a domain is often associated with
increasing use of causally central concepts (Berland & McNeill, 2010; Nehm & Ridgway,
2011; Perkins & Grotzer, 2005).
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Item Evaluation: Methods
Participants

Undergraduate participants (n = 320) were recruited from a larger sample of 431 stu-
dents enrolled in a two-course introductory biology sequence for biology majors.
Demographically, the sample was 78% White (non-Hispanic; n = 251) and 22% minority
(African American, n = 14; Asian, n = 28; Hispanic, n = 13; Native American, n = 1;
Other and non-disclosed, n = 13), 55% female, and with an average age of 21 years
(8D = 2.3). For 93.8% of students in our sample, English was their first language, and for
6.2% of students in our sample English was their second language.

Assessment Tasks

Our assessment tasks were carefully designed to elicit aspects of cognition outlined
above. Student explanations were elicited using our four new ACORNS items (Table 1) that
presented students with carefully designed evolutionary change scenarios isomorphic with
previously studied ACORNS items. Each item prompted students to write an explanation for
how evolutionary change occurred (Tables 3 and 4).

The ACORNS items asked students to explain evolutionary change in taxa and traits
likely to be familiar (i.e., elm, snail, poison, seeds) as well as unfamiliar to them (i.e., labi-
atae, prosimian, pulegone, tarsi). Additionally, unlike other evolution assessment instruments
(e.g., CINS), ACORNS controlled for order effects by randomizing presentation of each item
using a Latin-square design. Thus, by controlling for familiarity and order effects, the
ACORNS controls for surface-level assessment features using a standard protocol in experi-
mental cognitive psychology (Cozby, 1997). Responses were gathered using an online assess-
ment system familiar to students at our university. The average number of words in the
student explanations was 29.2 (SD = 25.8).

Coding of Written Explanations

For each of the four new items, two expert scorers with graduate degrees in the biological
sciences (and trained by a cognitive scientist) independently coded student explanations for
the presence or absence of the key and core concepts (KC) and cognitive biases (CB) using
the scoring rubrics discussed above. Independent scoring of all KCs for the four new items
easily exceeded inter-rater agreement scores of 0.81 (Kappa), whereas independent scoring of
CBs revealed more variable scores (Kappas: Essentialism, 0.80; Teleology, 0.70;
Intentionality, 0.52). Discordant scores were resolved via deliberation between the raters and
the project leaders, leading to a set of consensus scores for all concepts. Scores for all KCs
and CBs were used in our analyses. Overall, a matrix of 10 concepts x 4 items served as the
primary data for our analyses, with myriad concept permutations evident in the sample.

Concept Frequency, Diversity, and Coherence Calculations

We performed three analyses on the concept score matrix noted above: concept frequen-
cy, concept diversity, and concept coherence. Concept frequency was calculated by summing
the total number of concepts that students used across all four items. For example, one stu-
dent might use six KCs across items, whereas another student might only use two KCs across
items. Concept diversity was calculated by summing the total number of different concept
types students used across the items. For example, if a student used three different KCs (e.g.,
variation, heritability, and differential survival) across two different items, the diversity score
would be three. Diversity scores are important because a student may use the same KC types
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across four items, yielding a KC frequency score of four, whereas another student may use
four different types of concepts across the four items, also yielding a frequency score of four.
Thus, the diversity calculations help to capture additional aspects of student response patterns
(Nehm & Reilly, 2007). Finally, concept coherence was calculated by summing the number
of times a student used the same type of KC (e.g., differential survival) across all four items.
Thus, higher coherence values reflect more consistent concept use across the four items,
which is important because the coherence of concepts represents the stability of a concept
across contexts (Kampourakis & Zogza, 2009). As we will see, concept frequency and con-
cept diversity yield informative data distinguishing levels of biological knowledge (Theme 1),
distinguishing causal versus non-causal normative ideas about evolutionary change (Theme
2), and effects of superficial item characteristics (Theme 4). In contrast, concept coherence is
useful for examining the degree to which normative and non-normative ideas co-exist and
compete for use from item to item (Theme 3).

Reliability

Previous work established the content validity, convergent validity, and internal consis-
tency of the ACORNS instrument using the same biology classes as the present study. In prior
work, the reliability values (Cronbach’s alpha) of ACORNS items were typically higher for
key and core concepts than for naive ideas (e.g., 0.77 and 0.67, respectively). In the present
study, the reliability values for the four new ACORNS items were 0.76 for KCs and 0.68 for
CBs, mirroring past work. These values are robust particularly given that (1) the items differ
in surface features and (2) the item set is small (four constructed-response explanations per
each student).

Item Evaluation: Results

Results are organized by the four themes of our cognitive model discussed above. Under
Theme 1, we examine whether use of core concepts and cognitive biases on ACORNS suc-
cessfully predicted future teacher assessments of biological knowledge (i.e., grades in an
evolutionary, ecological, and organismal biology (EEOB) course that was taken after
ACORNS was administered). This issue is important for Theme 1 because our cognitive
model depicts students’ knowledge of the core concepts of natural selection as making biolo-
gy course material more meaningful to students, thereby facilitating their recall of this materi-
al on university exams, and thus leading to a positive correlation between core concept use
on ACORNS and future grades in the EEOB course. Under Theme 2, we examine whether
use of core concepts and cognitive biases better distinguish among high-, medium- and low-
performing EEOB students than use of other key concepts of evolution. Under Theme 3, we
examine the extent to which core concepts and cognitive biases co-exist in the same students
and the degree to which cognitive biases are negatively correlated with core concepts versus
other evolutionary concepts. Finally, under Theme 4, we test our prediction that the effect of
item characteristics on key concept use would be negatively associated with EEOB grades.

Theme 1: In the Development of Expertise, Core Concepts Facilitate Long-Term Recall

We first examined the relation between performance on the ACORNS items and teacher
assessments of biological knowledge in an Evolution, Ecology, and Organismal Biology
(EEOB) course (see Figure 2). This course included explicit coverage of evolutionary topics
in biology (e.g., natural selection, organismal, and population biology, phylogeny) and fur-
nished 318 final course grades (2 missing/incomplete). These final course grades were ana-
lyzed for associations with ACORNS scores (i.e., KC, CB scores).
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Figure 2. Relation between frequency of key concepts in explaining evolutionary change on ACORNS
and course grades in a university biology class.

To examine the association, we converted students’ final grades in the course into a
numerical score (E =1, ..., A— = 10, A = 11), and we examined whether these grades were
predicted by the frequency and diversity of KCs and CBs contained in their responses to the
four ACORNS items. To test for a relation between the frequency of KCs (0-28) and CBs
(0-12) in students’ explanations and their academic achievement in the course, we conducted
a series of regressions.

To characterize the overall relation between concept frequency and grades, we first
collapsed scores over subjects (Figure 2). In a series of regressions, we found that as the
overall frequency of KCs mentioned in explanations of evolutionary change increased, grades
in the course increased logarithmically (F[1, 12] = 56.15, R> = 0.82, p < 0.0001).
Additionally, as the number of CBs increased, grades in the course decreased exponentially
(F[1, 7] = 8.92, R? = 0.56, p < 0.05). To characterize the amount of variance in individual
grades explained by the frequency of KCs and CBs in students’ explanations, we performed
the same analyses on individual scores. Again, we found that students who generated KCs the
most frequently also tended to have the highest grades (logarithmic regression, F[I,
316] = 39.74, R* = 0.11, p < 0.0001), and students who generated CBs the most frequently
tended to have the lowest grades (exponential regression, F[1, 316] = 3.97, R? = 0.012,
p < 0.05).

To test whether using more fypes (diversity) of core concepts was associated with better
biological knowledge, we then conducted a series of regressions to test for a relation between
the diversity of KCs (0-7) and CBs (0-3) in students’ explanations and their academic
achievement in the EEOB course. When we collapsed scores over subjects, we found that as
the overall diversity of KCs mentioned in explanations of evolutionary change increased,
grades in the course increased logarithmically (F[1, 5] = 156.20, R?> =097, p < 0.0001).
Additionally, as the diversity of CBs increased, grades in the course decreased linearly (F[1,
2] = 23.12, R* = 0.92, p < 0.05). The same relations held when we examined the amount of
variance in individual grades explained by individual KC diversity and CB diversity. That is,
students who generated responses with the most diverse array of KCs tended to have the
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highest course grades (logarithmic regression, F[1, 316] = 41.77, R? = 0.12, p < 0.0001),
and students who generated the most diverse array of CBs tended to have the lowest grades
(linear regression, F[1, 316] = 4.47, R> = 0.014, p < 0.05). Overall, diversity and frequency
measures reveal clear patterns of association with course grades.

The preceding findings suggest that understanding of evolution by natural selection—as
measured by the frequency and diversity of KCs (core and other) and CBs on the four
ACORNS items—provides a good predictor of students’ understanding of an important
branch of biology. An alternative interpretation of these findings is that overall academic
proficiency impacts quality of students’ explanations and their biology achievement indepen-
dently, with no additional impact of student explanation quality on biology achievement. To
test this alternative hypothesis, we controlled statistically for overall grade point average, and
we examined the remaining partial correlations between KCs/CBs and biology grades. With
overall GPA controlled, the remaining partial correlation between number of KCs and biology
grade was still significant (r[315] = 0.23, p < 0.0001), as was the correlation between CBs
and biology grade (r[315] = —0.12, p < 0.05). Thus, consistent with the idea that the causal-
ly central core concepts of natural selection help students to understand and later recall their
biological knowledge, we found that the quality of student’s explanations of evolutionary
change successfully predicted overall grades in a college biology course. This relation held at
several levels of analysis, whether collapsing over individual scores or not, whether examin-
ing number or diversity of CBs and KCs, and whether or not GPA had been controlled.

Theme 2: In the Development of Expertise, Causally-Central Information is Weighted
More Heavily in Student’s Explanations. To test whether core concepts and cognitive biases
distinguished among high, medium, and low performers in the EEOB course, we used the
EEOB grades to create three groups of students (“A” students, “B”’ students, and “C” or
below students). We also tested whether frequencies of core concepts and cognitive biases
were more diagnostic of EEOB course performance than frequency of key concepts that are
scientifically normative but are not causally central to explaining change (i.e., competition,
hyperfecundity, limited resources, change in allelic frequency).

Table 5 presents the frequency with which each concept was used by all students, “A”
students, ‘B’ students, and “C” students, as well as the rank order of concept use by each of
these groups. To test whether frequencies of core concepts and cognitive biases were more
diagnostic of EEOB course performance than the frequencies of other KCs, we first assigned
scores of 1 to As in the course, 2 to Bs, and 3 to lower grades, and we performed multiple
Kruskal-Wallis tests to examine grade-differences for each of the KC and CB frequencies
(Table 6). Among the core concepts, we found grade-differences in mentions of causes of
variation (Chi-Square = 15.14, df = 2, p < 0.001, partial eta squared of rank = 0.05) and
differential survival (Chi-Square = 24.70, df =2, p < 0.001, partial eta squared of
rank = 0.08), with a trend for grade-differences in mentions of heritability (Chi-
Square = 7.03, df = 2, p < 0.05, partial eta squared of rank = 0.02). The Tukey post-hoc
test illustrated that the “A” and “‘B” students’ rank scores of causes of variation and differen-
tial survival conceptions were significantly higher than the rank scores of “C” students
(p < 0.05). In addition, “A” students’ rank score of the heritability conception was
significantly higher than the rank score of “C” students (p < 0.05). Grade differences were
also present among the three cognitive biases: intentionality (Chi-Square = 11.75, df = 2,
p < 0.01, partial eta squared of rank = 0.04); teleology (Chi-Square = 12.28, df =2,
p < 0.01, partial eta squared of rank = 0.04); essentialism (Chi-Square = 6.77, df = 2,
p < 0.05, partial eta squared of rank = 0.02). The Tukey post-hoc test indicated that “A”
and “B” students’ rank scores of the intentionality bias were significantly lower than the rank
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Table 5
Percentage of concept use among students explaining evolutionary change (by future grades in biology
course work)™

All Students % A Students % B Students % C Students %
Concept Used (Rank) (Rank) (Rank) (Rank)
Differential survival 35.0(1) 47.7 (1) 354 (1) 18.2 (2)
Variation 29.4 (2) 37.5(22) 28.7 (3) 18.2 (3)
Essentialism 25.0 (3) 11.4 4) 29.3 (2) 33.3 (1)
Heritability 8.8 (4) 14.8 (3) 7.3 (5) 4.5 (6)
Teleology 6.6 (5) 1.1(7) 7.9 4) 10.6 (4)
Limited resources 4.1 (6) 2.3 (6) 4.3 (6) 6.1 (5)
Change of population 1.9 (7) 3.4 (5) 1.8 (7) 0.0 (7)
Competition 0.3 (8) 0.0 (8) 0.6 (8) 0.0 (7)
Hyper-fecundity 0.0 (9) 0.0 (8) 0.0 (9) 0.0(7)
Intentionality 0.0 (9 0.0 (8) 0.0 (9) 0.0 (7)

*Numbers denote percentage of students in each group (all students, A students, B students, and C students) who
used the concept more than three times across four items. Because a student could use more than one concept,
columns do not total to 100.

scores of “C” students (p < 0.05). In addition, the “A” students’ rank score of teleology was
significantly lower than the rank score of “C” students (p < 0.05). For non-causal KCs,
however, no grade differences were detected. Thus, core concepts and cognitive biases proved
more useful in differentiating student achievement than many biological concepts typically
stressed in other natural selection assessments (e.g., CINS).

Theme 3: Throughout the Development of Expertise, Normative and Naive Ideas
Continue to Co-Exist and Compete for Use. Evolution assessments often include measures in
which students are forced to choose between options that are and are not consistent with the
construct of evolution by natural selection (defined above). Unlike these forced-choice assess-
ments, like that of Bishop and Anderson (1990), our open-ended assessment can detect the
frequency with which students express only the key concepts of natural selection, only

Table 6
Consistency of concept use among explanations of evolutionary change

Percentage of Students Using the Concept on:

Concept Used 1 Item 2 Items 3 Items 4 Ttems
Differential survival 73.1 494 35.0 13.8
Essentialism 70.3 43.1 25.0 7.8
Variation 60.3 45.6 294 14.4
Limited resources 59.7 14.7 4.1 0.0
Teleology 43.1 20.9 6.6 1.6
Heritability 30.0 15.3 8.8 1.9
Change of population 15.6 4.1 1.9 0.6
Intentionality 8.1 0.9 0.0 0.0
Competition 6.6 1.3 0.3 0.3
Hyper-fecundity 0.0 0.0 0.0 0.0
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cognitive biases, both, and neither. In this section, we examined the extent to which KCs and
CBs co-existed in the same students.

We first examined the co-existence of KCs and CBs among all students. Overall, we
found that 22% of students provided one or more KCs and no CBs, 3% of students provided
one or more CBs and no KCs, 73% of students provided both, and 2% of students provided
neither.

To test the idea that KCs become more frequent and CBs become less frequent with
increasing biological knowledge, we examined the relation between these four groups and
EEOB course grades. Among these four groups (KC only, CB only, KC and CB, and no
concepts), we performed a Kruskal-Wallis test to examine difference of numeric scale (1-11)
of EEOB course grade (E to A). These four groups differed dramatically in their performance
in the EEOB course (Chi-Square = 17.78, df = 3, p < 0.001), with grades of students offer-
ing only KCs (Mean Rank = 184.16, n = 69) and students offering both types of concepts
(Mean Rank = 157.89, n = 232) being higher than those offering only CBs (Mean
Rank = 78.68, n = 11) or neither concept type (Mean Rank = 86.33, n = 6). The partial eta
squared of rank for EEOB course grades was 0.06 (F[3, 314] = 6.22, p < 0.001). The post-
hoc test using mean rank (i.e., Tukey HSD test) indicted that the EEOB course grades for the
“exclusive key concept” group were significantly higher than the EEOB course grades for
the ‘exclusive cognitive bias’ group (p < 0.05). Thus, rather than most students exclusively
using KCs or exclusively falling prey to CBs, KCs and CBs often co-existed within the same
student, with use of KCs being associated with higher academic achievement. Our findings
suggest that commonly used either-or item formats (e.g., CINS) are at odds with basic cogni-
tive reasoning patterns.

Additional evidence for the co-existence of KCs and CBs came from our analysis of
explanation consistency, which is “providing the same type of explanation to all tasks; in
other words, thinking of all processes in the same terms and explaining them by using the
same type of explanation” (Kampourakis & Zogza, 2009). We analyzed explanatory consis-
tency across our four ACORNS items in a quantitative manner by measuring the consistency
of element use (i.e., KCs and CBs) across the four items. For example, use of heritability by
a participant across three or more prompts would be considered a consistent application of
this concept, as would the application of a CB such as essentialism across three or more
responses. In this way, our measure of consistency reveals the degree to which students view
the same explanatory variables as relevant to problems differing in surface features. Because
consistent application of causal core concepts is a hallmark of evolutionary expertise (Nehm
& Ridgway, 2011), we would expect this measure to reveal gradations of evolutionary
competency.

Table 6 presents the consistency that each concept was used across the four ACORNS
items. Overall, we found that participants infrequently applied the same concepts across all
four items. Rather, the composition of evolutionary explanations was highly contingent on the
items (and their surface features), with fully half of the sample never using the same explana-
tory elements to solve the ACORNS items. Specifically, 0% of students consistently used
intentional explanations across the four items differing in surface features, whereas 13.8% of
students consistently applied the concept of differential survival across the four prompts.
Thus, rather than biology students having a stable mental model for explaining all evolution-
ary change, it may be more accurate to describe students as having the propensity to display
certain types of reasoning in some contexts but not others (cf. Nehm & Ha, 2011). These
findings corroborate prior work suggesting that the unstable application of core concepts char-
acterizes evolution novices (Nehm & Ridgway, 2011).
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Given the importance of (causally central) core concepts and cognitive biases for student
achievement in biology, we wanted to know the relations among them. Theoretically, our
cognitive model holds that they should compete for use as expertise develops. To address this
issue, we first examined the gross relation between KCs and CBs at the group and at the
individual levels to determine if they were positively, negatively, or not correlated. When we
collapsed scores over subjects, we found that as the number of CBs increased, the frequency
of KCs decreased (r[7] = —0.94, p < 0.0001). The same negative relation between CBs and
KCs held at the level of individual students, with students generating the most CBs also
generating the fewest number of KCs (r[318] = —0.34, p < 0.0001). A similar pattern held
for the diversity of KCs and CBs, with students generating the most diverse CBs also generat-
ing the least diverse KCs (7[318] = —0.14, p < 0.02). Thus, overcoming cognitive biases and
providing key concepts of evolutionary change do not appear to be completely independent
events.

We next examined the correlation structure among individual KCs and CBs to determine
whether they were associated as we hypothesized. As shown in Figure 3, we found high
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Figure 3. Relations among core concepts (black circles) and cognitive biases (gray circles) in students’
explanations. Size of circles denotes percentage of students using a concept at least once across the four
items.
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positive correlations among each of the core concepts (causes of variation, heritability, and
differential survival), which were also negatively correlated with the CBs teleology and
essentialism. Additionally, there were high positive correlations among the CBs (teleology,
essentialism, and intentionality), which had no or negative correlations with both core and
non-core KCs. Thus, the correlation structure among KCs and CBs confirmed our prior
conceptualization: core key concepts and cognitive biases were a relatively coherent group of
cognitive structures (though with correlations being greater than zero and less than one,
co-existence of KCs and CBs were also evident).

Theme 4: In the Development of Expertise, Knowledge Becomes More Abstract and Less
Specific to the Learning Situation. The final issue that we examined was the influence of
surface features of evolutionary problems (i.e., familiarity and animacy) on students’
evolutionary reasoning. To examine this, we conducted a 2 (animal, plant) x 2 (familiar,
unfamiliar) factorial repeated-measures ANOVA on the total number of KCs (0-7) and CBs
(0-3) provided across student explanations to all four ACORNS prompts (see Figure 4). As
hypothesized, more KCs were mentioned when explaining animal evolution (M = 1.37,
SD = 1.12) than plant evolution (M = 1.05, SD = 1.09, F[1, 319] = 51.5, p < 0.0001,
partial eta squared = 0.14). Additionally, more KCs were mentioned when explaining the
evolution of familiar taxa and traits (M = 1.37, SD = 1.17) than unfamiliar taxa and traits
(M = 1.05, SD = 1.03), F[1, 319] = 46.7, p < 0.0001, partial eta squared = 0.13). Finally,
the effect of taxa interacted with familiarity (F[1, 319] = 23.09, p < 0.0001, partial eta
squared = 0.13) with familiarity differences being much larger for animals (familiar,
M =1.68, SD = 1.15; unfamiliar, M = 1.07, SD = 0.98) than for plants (familiar,
M = 1.06, SD = 1.10; unfamiliar, M = 1.05, SD = 1.09). On the other hand, we did not find
significant differences in CBs between animals and plants (animal: M = 0.55, SD = 0.72,
plant: M = 0.58, SD = 0.77, F[1, 319] = 0.9, p > 0.05), and between familiar and unfamil-
iar taxa (familiar: M = 0.58, SD = 0.75, unfamiliar: M = 0.55, SD = 0.72, F[1, 319] = 0.8,
p > 0.05). In addition, we did not find an interaction effect for these factors (F[I,
319] = 0.04, p > 0.05). Thus, surface features of evolutionary problems generally had a large
effect on students’ use of key concepts in their evolutionary reasoning, whereas cognitive
biases were present even for the least familiar organisms.
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Figure 4. Mean key concepts and cognitive biases for items varying in familiarity and taxon (maxi-
mum number of KCs = 7, CBs = 3).
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We next examined if more advanced students (i.e., those earning “A’s in the EEOB course)
were less influenced by superficial item features than less advanced students (i.e., those earn-
ing “C”s or less). To test this issue, we first calculated an Animacy Bias and Familiarity Bias
score for each student, where the scores reflected the ratio (expressed in difference of loga-
rithms) of animal to plant KCs and CBs for the Animacy Bias and the ratio of familiar to
unfamiliar KCs and CBs for the Familiarity Bias. Thus, positive Bias scores indicate a bias
for animals or familiar items, whereas negative Bias scores indicate a bias for plants or unfa-
miliar items. As hypothesized, “C” students (n = 68) showed a greater Animacy Bias in their
CBs (M =122, SD =542) than “A” students (n =88, M = —-092, SD =5.71;
1[154] = 2.38, p < 0.05, Cohen’s d = 2.62), and the Animacy Bias also tended to be greater
for the KCs of “C” students than “A” students (““C” students: M = 2.19, SD = 4.9; A-stu-
dents, M = 1.09, SD = 3.19; [154] = 1.60, p = 0.11, Cohen’s d = 0.27). In contrast,
Familiarity Biases did not differ between the two groups of students. Thus, as students ad-
vanced in their EEOB performance, some superficial features (animacy) had progressively
less influence on the quality of students’ explanations of evolutionary change.

General Discussion

Contemporary assessments of science understanding aim to situate students along a con-
tinuum of conceptual expertise (cf. Alonzo & Gotwals, 2012). Reform documents (e.g., NRC,
2001) have argued that cognitive research on the progressive development of expertise in a
domain should therefore be used to ground and build assessment instruments capable of gen-
erating valid and robust inferences about students’ conceptual development. In this paper, we
used the NRC’s (2001) assessment triangle to guide our research. This heuristic emphasizes
the relationships among cognitive models, assessment methods, and inferences from assess-
ment scores (NRC, 2001; Figure 1). While each vertex of the assessment triangle framed our
work, it is important to emphasize that ““[a] crucial point is that each of the three elements of
the assessment triangle not only must make sense on its own, but also must connect to each
of the other two elements in a meaningful way to lead to an effective assessment and sound
inferences” (NRC, 2001, p. 49). This view resonates with contemporary theories of validity
(e.g., Kane, 2001) in which construct validity elements require integration into a robust argu-
mentative structure.

In line with the NRC (2001) policy document, our study used the assessment design
triangle to frame an integrative cognitive model for natural selection assessment. First, an
explicit and research-based cognitive model grounded the design of our assessment. Put brief-
ly, this model posits that with the development of expertise, meaningful core concepts in-
creasingly organize information in memory for long-term recall, causally central features
become weighted more strongly in explaining data, normative scientific ideas co-exist but
increasingly outcompete naive ideas in reasoning, and knowledge becomes more abstract and
less specific to the learning situation. Our open-ended assessment items were specifically
developed to align with these cognitive principles, and generate scores that prioritized recall
over recognition, differentiated students’ use of causally central and peripheral concepts; per-
mitted the co-existence of normative scientific and non-normative naive ideas in their
responses; and manipulated item surface features (familiarity and animacy). Finally, we ar-
gued that inferences from item scores could be meaningfully linked back to the cognitive
processes that span the continuum of expertise, including correspondence of task scores to
clinical interviews, associations of task scores with expert performance patterns, and corre-
spondence of task scores with independently developed natural selection knowledge
measures.
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As we will review below (““What We Learned about How Biology Students Think about
Evolution™), our integrative cognitive model for natural selection assessment proved highly
useful in characterizing the explanations of the typical biology undergraduate and in predict-
ing students’ real-world performance. In contrast, alternative evolution assessments have not
been as effective at “knowing what students know’’ and perform poorly when attempting to
predict performance on other assessments or real-world performance (e.g., an interview,
teacher tests).

What We Learned About How Biology Students Think about Evolution

Core Concepts of Evolutionary Theory Facilitate Long-Term Recall of Biological
Knowledge. In many domains of educational research (e.g., math learning), claims about
“core ideas” are evaluated empirically by examining whether mastery of some part of the
“core” is correlated with other parts of the “core” and whether degree of mastery of the
“core” is correlated with overall achievement in the domain (e.g., grades in math classes,
scores on math sections of standardized tests, etc.). We used a similar empirical strategy for
examining whether the commonly accepted view, that evolution by natural selection is a core
idea in biology (Dobzhansky, 1973), is empirically justified. Our basic hypothesis was that
student’s knowledge of the core concepts of natural selection would make biology course
material more meaningful to them, facilitate their recall of this material on university exams,
and thereby lead to a positive correlation between core concept use on ACORNS and future
grades in biology.

Consistent with our idea that the core concepts of evolutionary theory facilitate recall of
biological knowledge, we found that how students explained evolutionary change on
ACORNS reliably predicted later grades in a course on ecological and organismal biology,
even after controlling for overall GPA. Specifically, students who most often mentioned the
core concepts of natural selection (heredity, variation, and differential survival; Lewontin,
1970) when explaining evolution later went on to achieve the highest grades in the biology
course; a similar relation did nor hold for non-central elements of natural selection (e.g.,
competition, hyperfecundity, etc.). Additionally, students who most often provided naive es-
sentialist and teleological explanations later went on to achieve the lowest grades in the biolo-
gy course, suggesting that possession of these cognitive biases interferes with academic
achievement. Again, these findings are consistent with the theoretical centrality of natural
selection for making sense of the diversity of living things, as well as the broader educational
importance of understanding the causes of evolution and of avoiding naive biological ideas
(cf. Dobzhansky, 1973). In contrast, alternative explanations of this correlation are much less
plausible. Because course grades were earned after the ACORNS items were administered,
for example, it is impossible for the causal direction to be the reverse. Further, many potential
third variables that might explain this correlation can be ruled out, including overall academic
proficiency (because GPA had been controlled) or biology-specific proficiency and/or motiva-
tion (because ACORNS scores were not found to correlate with performance in a previous
cell and molecular biology course).

Core Concepts and Cognitive Biases Co-Exist and Compete in Students’ Thinking.
Although it is tempting to think of science learning as a simultaneous acquisition of scientific
concepts and rejection of non-scientific concepts, our study of biology majors’ understanding
of evolution suggests a very different picture. That is, the vast majority of the biology stu-
dents that we studied explained evolutionary change using both scientific concepts that cause
evolutionary change (e.g., variation, heritability, and differential survival) and naive cognitive
biases (e.g., essentialism, teleology, and—to a lesser extent—intentionality). This finding is
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important for two reasons. First, it suggests that previous assessments of evolutionary under-
standing (i.e., multiple choice tests like the CINS) can radically overestimate students’ under-
standing by asking them to choose between a scientifically valid and invalid explanation of
evolutionary change (see Nehm & Schonfeld, 2008 for empirical evidence of this pattern). In
our study, 73% of students would have wanted to answer “both” for such a choice, and 2%
would have wanted to answer ‘‘neither”’. Thus, forced-choice, either-or assessments are at
risk of misdiagnosing up to 75% of students’ preferred explanations of evolutionary change.
Second, the co-existence of key concepts and cognitive biases strongly suggests that pedagog-
ical efforts aimed only at introducing the necessary and sufficient causes of evolutionary
change, or only at disabusing students of their naive beliefs, are likely to prove insufficient.
Indeed, our finding that continued use of cognitive biases—even with correct use of key
concepts—was associated with lower grades in biology strongly suggests that educators
should explicitly address cognitive biases when instructing students about the causal process-
es of evolutionary change. Unfortunately, few pedagogical and curricular tools are available
for doing so.

Irrelevant Surface Features Impact Novice Students’ Evolutionary Reasoning. An impor-
tant recent advance in assessment of evolution has been the finding that the knowledge and
naive ideas that students employ depends very greatly on the specific contexts on which they
are assessed (Nehm & Ha, 2011; see also Chi et al., 1981 for a classic study in physics). For
example, some students use causally central key concepts to explain how a trait (such as the
running speed of a cheetah) will increase in phenotypic frequency; however, the same stu-
dents seldom mention these variables when explaining how traits (such as flight in birds)
decline in phenotypic frequency. Indeed, understanding of one type of evolutionary change is
typically a very poor predictor of understanding the other type. The present research reveals
two additional surface features that impact the typical student’s use of key concepts in evolu-
tionary reasoning: overall familiarity with items and whether the item involves a plant or
animal. Indeed, the surface feature of being an animal was particularly influential on the “C”
students in the EEOB course. For these students, animal items were particularly likely to
elicit cognitive biases and particularly unlikely to elicit key concepts.

These findings of context-dependent learning have a number of important implications
for teaching evolution. First, curricula about evolution and natural selection may require
much care in the choice of the “cover stories” (such as bacterial resistance to antibiotics)
that are used to illustrate evolutionary change. Ideally, such examples would represent a
diversity of evolutionary scenarios that could be systematically compared and contrasted. In a
variety of subject areas (e.g., mathematics), choosing examples that allow systematic compar-
isons is known to help students identify the variables that are truly important for problem-
solving (Gentner & Colhoun, 2010), and we think it quite likely that the same would be true
in learning the important variables that cause evolutionary change via natural selection.
Additionally, ‘“cover stories” might be chosen to reveal and address the naive ideas that
plague student reasoning. Like students’ understanding of the key variables in evolutionary
change, misconceptions are also context-dependent, with misconceptions triggered by some
contexts being rarely elicited by other contexts (Nehm & Ha, 2011).

Although superficial features had a marked effect on the typical students’ use of key
concepts in explaining evolutionary change, it is interesting to note that these features did not
impact the probability that they used cognitive biases (such as essentialist or teleological
explanations). One reason this may be the case is that essentialism and teleological thinking
is so fundamental to the cognitive architecture that they pervade thinking about all living
things, regardless of familiarity or animacy (Gelman, 2003). A similar idea was also
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expressed by Dawkins (1996, p. 316), who wrote, “It is almost as if the human brain were
specifically designed to misunderstand Darwinism.” More research is needed to evaluate
these positions.

Knowing What Students Know About Evolution

Are other extant assessment instruments also capable of detecting the observed features
of the typical undergraduate’s thinking about evolution? Consider, for example, the
Conceptual Inventory of Natural Selection (CINS) test, which comprises 20 multiple-choice
questions that focus on common misconceptions about 10 components of natural selection
(Anderson et al., 2002). Several features of CINS suggest that it cannot diagnose mental
models of evolutionary change. First, by relying on multiple-choice items, the CINS chiefly
tests recognition memory, which is sometimes highest among individuals with lowest compe-
tence (Sloutsky & Fisher, 2004), rather than requiring free recall, where task performance
is more reliably correlated with expertise (Chi, 2006). By relying on such a low bar for
remembering evolutionary facts, the CINS is predicted by our cognitive model to also show
weaker correspondence to clinical interviews than ACORNS, an implication supported
in prior work (Nehm & Schonfeld, 2008). Second, CINS scores do not differentially weight
understanding of causally central versus peripheral evolutionary concepts, thereby threatening
the ability of CINS to predict levels of expertise (an issue that has not yet been examined
rigorously). Third, by asking students to choose between normative scientific ideas and
misconceptions, the test precludes the ability to find the co-existence of both ideas in any
given student, thereby threatening its ability to predict performance on other independently
developed measures. Consistent with this idea, correlations between scores on the CINS
and misconceptions on ACORNS are much lower than correlations between scores for
key concepts on CINS and ACORNS. Finally, rather than varying levels of item familiarity,
items from the CINS uniformly test performance on only one surface feature (familiar ani-
mals) that students are likely to have encountered in class. This is also unfortunate because
items regarding unfamiliar animals, familiar plants, and unfamiliar plants typically fail to
elicit causal core concepts among college students yet cause evolutionary biologists no
difficulty.

One reason that extant evolution assessments fail to capture these central elements of
evolutionary thinking is that these assessments are not based on general principles of cogni-
tion. Indeed, of all the extant assessments of evolutionary reasoning, none are designed with
our four assessment features. This should not be surprising—none of the extant assessments
were designed with an explicit, research-based cognitive model as a foundation.

In sum, we have demonstrated that the limitations of extant assessment instruments (e.g.,
CINS) may be traced to the lack of explicit, research-based cognitive models. As a result,
these assessment tasks can generate faulty inferences about student thinking about natural
selection. In many ways, our work demonstrates how ignoring the NRC (2001) framework
may lead to problematic assessment tools and questionable evidence for improving science
teaching. Put more positively, our findings also illustrate why core insights from cognitive
science must be used in the design of assessment instruments intended to capture students’
progress along a novice-expert continuum (cf. Alonzo & Gotwals, 2012). While our study has
demonstrated how four cognitive principles—(1) prioritizing recall over recognition; (2)
detecting students’ use of causally central information; (3) permitting co-existence of scien-
tific and naive ideas; and (4) attending to task surface features—impact the assessment of
natural selection, more work is needed to test the generality of these principles in other
science domains.
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Our results resonate with several recent findings in other science domains, and help to
identify important directions for science education assessment research. In a study of stu-
dents’ reasoning about force and motion, for example, Alonzo and Steedle (2009) noted that
item pairs prompting reasoning about the same phenomenon, but framed in different contexts,
produced different reasoning patterns. The researchers’ explanation for these patterns was
that students performed better on items that used the same surface features as had been dis-
cussed in class (Alonzo & Steedle, 2009, p. 414). Thus, the performance differences that they
documented may represent instances of memorized cases and/or may reflect the effects of
familiarity on response processes (Bulloch & Opfer, 2009; Gentner, 1988; Hartshorn et al.,
1998; Keil & Batterman, 1984). Alonzo and Steedle’s (2009) results share many similarities
with our findings about evolutionary reasoning. However, the experimental design of Alonzo
and Steedle’s (2009) study did not control for many variables, including order effects, and so
their findings must be interpreted with caution. Nevertheless, these and related studies suggest
that much more work is needed to pinpoint the types of surface features that impact student
response processes on science assessments (Chi et al., 1981; Nehm & Ha, 2011).

Unknowns in What Students Know About Evolution

Although the current project was highly-revealing about what students know about evolu-
tion, several issues are in need of future investigation. First, many different approaches have
been used to evaluate students’ explanations in science education (Alonzo & Gotwals, 2012,
chapters therein; diSessa, 1993; Russ, Scherr, Hammer, & Mikeska, 2008). Our focus on the
causal components of explanations is but one method for measuring progressions of cognitive
competency in relation to evolution. Alternative approaches, such as the analysis of causal
language (diSessa, 1993), scoring the frequency of casual ‘““‘chaining” (Russ et al., 2008), or
evaluating explanations in the context of argumentative practices (Gotwals & Songer, 2010),
may yield additional insights into student reasoning processes. Second, while written explana-
tions were suitable assessment tasks for our sample of undergraduates, such formats risk
under-representing measures of understanding in English language learners. Third, we opera-
tionalized students’ progressions towards expertise using course grades in an evolutionary
biology course. While this method confirmed the predictions of our model, course grades
certainly can be influenced by factors other than student expertise. Additional studies using
more robust measures would help to bolster our findings. Finally, more studies of how expla-
nations are used by professional evolutionary biologists are needed (Nehm & Ridgway,
2011). Benchmarks of causal competency and sophistication should be grounded in empirical
studies of how experts conceptualize and explain evolutionary change.
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