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Abstract
The idea that characteristics acquired by an organism during
its lifetime can be inherited by offspring and result in evolu-
tion is a substantial impediment to student understanding of
evolution. In the current study, we performed a preliminary
examination of how acquiring physical changes in a ques-
tion prompt may differentially cue intuitive and scientific
justifications of inheritance and evolution and how this
varies based on how student learned the concept. Middle
school students in a suburban northeastern district (N5 314)
either learned about evolutionary change with a category
construction task (with different levels of feedback support)
or completed a worksheet. Three days later students
responded to two free response scenarios (one where a phys-
ical change is acquired). Responses were coded based on
student justifications for either science accuracy or intuitive
nature. Specific reasons were coded by justification type
with high inter-rater agreement (k> 0.93). Results showed
that students were more likely to apply intuitive reasoning
when a physical change was acquired (50%) than if the
change was behavioral in nature (16%). Additionally, stu-
dents who completed the category construction task
provided significantly more scientifically accurate justifica-
tions about inheritance (M5 1.12) than control students
(M5 0.47), and significantly less intuitive justifications
(M5 0.67) than control (M5 1.13). Finally, category con-
struction produced the most scientific reasoning when
feedback was provided. Taken together, these results suggest
that intuitive reasoning is differentially applied based on
physical organismal changes, intuitive reasoning is less fre-
quent when learning via category construction, and the
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category construction task is more effective for this popula-
tion with the inclusion of feedback.
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1 | INTRODUCTION

Understanding the process by which educators can encourage students to apply scientifically accepted
explanations of phenomenon over incorrect intuitive ideas1 is a central challenge of science education.
The application of incorrect ideas related to scientific phenomena—including intuitive conceptions—is
widespread and often highly resistant to change. Significant efforts have been made to track how ideas
change during the process of learning science. Many different interpretations of how student ideas
change have been noted with claims being made that conceptions become systematically organized
(diSessa, 1993), restructured (Vosniadou, 1992), abandoned (de Posada & María, 1997), corrected
(Chen, Pan, Sung, & Chang, 2013), or go through other forms of alteration (Heddy & Sinatra, 2013)
in the process of learning. Given that students tend to apply fewer intuitive ideas during the process of
learning science (Abraham, Perez, Downey, Herron, & Meir, 2012), it is unsurprising that improving
understanding via altering intuitive ideas is a widely accepted goal when attempting to decrease the
prevalence of scientific misconceptions.

An alternative hypothesis, however, is that at least some intuitive ideas are not changed during
learning, but instead students learn to inhibit the application of intuitive ideas in favor of scientifically
accurate understandings. In other words, the process of learning science may be, in part, a process of
establishing contextual bounds by which intuitive ideas and their scientifically correct counterparts can
be applied. This state—in which students simultaneously have both fully formed intuitive and scientific
understandings of a given conception and apply them selectively based on context—has been defined
as coexistence (Gelman, 2011; Legare & Visala, 2011; Mortimer, 1995; Shtulman & Lombrozo,
2016).

Yet, not all intuitive ideas may have equal ability to retain this degree of permanence. Coexistence
should have a higher likelihood when abandoning an intuitive idea leads to a disadvantage outside of
the classroom. For example, being able to distinguish between the genotype (genetic information) and
phenotype (physical characteristics) of an organism is fundamental to understanding evolution and
genetics, yet students are particularly resistant to differentiating these concepts (Lewis & Kattmann,
2004; Marbach-Ad & Stavy, 2000; Venville, Gribble, & Donovan, 2005). This may result in students
conflating the physical features of an organism with its genetic composition, and predispose them to
incorrectly accept that physical changes accumulated during life (e.g., strength) will be passed on to
offspring. The developmental finding that children intuitively understand inheritance through physical
features (Kaminski, Gentaz, & Mazens, 2012; Williams, 2013; Williams & Smith, 2010) suggests that
the source of this misconception is intuition, and thus unlikely to be erased via science instruction.

If conceptual change is unlikely to occur in this case, then focusing on how instructors can encour-
age students to selectively apply science knowledge of inheritance while reducing the use of intuitive
ideas is of primary concern. To explore this idea, the present study sought to answer the following
questions: (a) To what extent do seventh grade students apply intuitive ideas of inheritance when a
physical change is present (Scenario 2) versus when a behavioral change is present (Scenario 1)? (b)
Do students who learn about inheritance in an evolutionary context via a category construction task
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demonstrate more scientific reasoning and less intuitive reasoning than a worksheet control? Based on
past research on coexistence and the examination of student misconceptions discussed above, we
expect to find coexistence of science-based and intuitive reasoning as evidenced by a differential use
of these sources of reasoning between scenarios. If category construction is an effective tool for pro-
moting the application of science-based knowledge, explanations of evolutionary change should rely
less on intuition and more on scientific knowledge after the category construction learning task.

2 | CONCEPTUAL COEXISTENCE

Student’s at all academic levels hold intuitive conceptions that are incompatible with scientific reason-
ing. Coexistence between intuitive and scientifically accurate ideas has been repeatedly noted in sci-
ence misconception research. At the primary level, Schneider and Hardy (2013) looked at student
understanding of sinking and floating among third grade students at three different time points. They
found that student understanding included intuitive conceptions about floating and sinking that co-
existed with science-based reasoning and persisted throughout the study. At the secondary and tertiary
level, Thorn, Bissinger, Thorn, and Bogner (2016) examined knowledge of tree assimilation and wood
synthesis among sixth and tenth grade students, and freshman college students (both science and non-
science majors). The resulting cluster analysis of student response patterns showed that, despite differ-
ences in exposure to scientific knowledge between these groups, both intuitive conceptions and
scientific understanding were simultaneously present in most student response patterns. A similar result
was found in Clark’s (2006) longitudinal (Grades 8 to 12) interviews. Students exhibited both intuitive
and scientific ideas about thermal equilibrium in six out of seven interviews. Conceptual coexistence
was also found for heat and temperature knowledge at all seven time-points. This coexistence of con-
tradictory knowledge has also been found in experimental work examining the ability of children and
adults to learn selection-based explanations of biological adaptation (Shtulman, Neal, & Lindquist,
2016). Results showed that while older children and adults could equally learn these explanations, both
groups included intuitive ideas alongside of scientifically accepted ideas. These studies provide evidence
that contradictory explanatory frameworks are simultaneously held by students over extended periods of
time, suggesting prevalent and long-term effects of conceptual co-existence on scientific reasoning. These
findings are consistent with psychological research on simultaneous contradictory belief (Sloman, 1996)
and dual-system accounts of human reasoning that posit one system that is fast and intuitive and another
that is slow and strategic (e.g., Evans, 2008; Evans & Stanovich, 2013; Kahneman, 2011).

The use of intuitive and scientifically sound reasoning and conceptual knowledge appears to be
affected by the context of the assessment. For example, our own work has found that scientific situations
can decrease the use of particular logical fallacies when compared to everyday contexts (Cavagnetto &
Kurtz, 2016). Similarly, students differentially access intuitive conceptions of evolution depending on the
type of organism present in assessment items (Ha, Lee, & Cha, 2006). Students have also been shown to
provide conflicting answers on thermal equilibrium questions based on contextual differences in inter-
views (Clark, 2006). It has even been found that students will apply different ideas to the same physics
concept based on presentation context (Bryce & MacMillan, 2009; Sabella & Redish, 2007). Surprisingly
nuanced contextual features of evolution knowledge (e.g., trait loss versus gain) can also affect the
retrieval and use of intuitive conceptions by students (Nehm, Beggrow, Opfer, & Ha, 2012; Nehm & Ha,
2011). These results demonstrate that students can and often do maintain alternative (and contradictory)
conceptual knowledge and apply it selectively based on the context. Furthermore, the finding that stu-
dents can apply a scientifically correct idea in a specific classroom context, but revert to incorrect ideas
in a new or less familiar situation (Oliver, 2011) suggests that knowledge can be inert outside of the
classroom context (see Barnett & Ceci for review, 2002). While learning can predispose students to apply
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science-based knowledge in classroom instruction contexts, transfer to even slightly dissimilar contexts
can be incredibly difficult (Pugh, Koskey, & Linnenbrink-Garcia, 2014). Spontaneous transfer of prior
knowledge in novel domains is notoriously difficult and the problem is compounded if it requires a stu-
dent to override an intuitive conception that has value in everyday thinking.

3 | INTUITIVE CONCEPTIONS OF EVOLUTION

Evolution education is a fruitful area for research on promoting science-based reasoning. Previous
attempts at targeted instructional intervention show minimal change (Bishop & Anderson, 1990;
Demastes, Settlage, & Good, 1995; Gregory, 2009; Smith, 2010). Understanding of evolutionary theory
is alarmingly low in the United States (Alters & Nelson, 2002; Miller, Scott, & Okamoto, 2006); even
science graduate students can have persistent misunderstandings of the subject (Gregory & Ellis, 2009).
Given the attention that learning of evolution and related misconceptions have received, student difficul-
ties are unlikely to be a result of either research neglect or a lack of instructional effort. Rather it may be
that intuitive conceptual knowledge perseveres in the face of scientific instruction due to existing cogni-
tive biases (Coley & Tanner, 2012; Shtulman & Calabi, 2012; Sinatra, Brem, & Evans, 2008) including
teleology (Kampourakis, Palaiokrassa, Papadopoulou, Pavlidi, & Argyropoulou, 2012; Kelemen, 2012;
Tamir & Zohar, 1991), essentialism (Emmons & Kelemen, 2015; Gelman & Rhodes, 2012; Shtulman &
Schulz, 2008), and anthropomorphism (Legare, Lane, & Evans, 2013; Tamir & Zohar, 1991).

These cognitive biases may predispose individuals toward scientific explanations that assume that:
(1) evolution has a goal and purpose (teleological reasoning) (Kelemen, 1999), (2) entities with like
properties are a single category with deep commonalities (essentialist reasoning) (Haslam & Whelan,
2008), and (3) human characteristics can be used to make inferences about nonhuman species or enti-
ties (anthropomorphic reasoning) (Coley & Tanner, 2012). If these intuitive conceptions are addressed
in the context of everyday nonscientific reasoning, however, they hold value. Teleological reasoning
can help to reason about why events occur (Dennett, 1989). Essentialist thinking can promote inductive
generalization or abstraction of new concepts (Gelman, 2003). Anthropomorphizing human preferences
and desires for food, shelter and kin health can be useful for understanding the behavior of nonhuman
animals. These examples demonstrate that intuitive conceptual knowledge has utility for human cogni-
tive functioning. It cannot simply be viewed as the less-scientific precursor to more accurate under-
standing of scientific phenomena.

4 | INTUITIVE UNDERSTANDING OF INHERITANCE

Students develop intuitive understandings of inheritance during childhood long before they are exposed
to ideas of genetic inheritance in the classroom (Kaminski et al., 2012). Conflict between these intui-
tive conceptions and scientific views of inheritance can be seen in students perceiving genes as de facto
physical traits (Venville et al., 2005), as “small, trait-bearing, particles” (Lewis & Kattmann, 2004,
p. 195), or as an “active particle that controls characteristics” (Venville & Treagust, 1998, p. 1031).
Student knowledge of inheritance exhibits a common bias in understanding that genetic materials are
analogous to physical characteristics (e.g., Marbach-Ad, 2001; Marbach-Ad & Stavy, 2000), a miscon-
ception that is representative of early scientific models of inheritance (Gericke & Hagberg, 2007).
Students perceive genotype and phenotype as being at the same hierarchical level and this promotes
a focus on using observable characteristics of organisms to understand their genotype (Lewis &
Kattmann, 2004).
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Children intuitively understand inheritance through physical features (Kaminski et al., 2012). By
age four, children intuitively understand that physical features of parents are inherited by their offspring
(Williams, 2012; Williams & Smith, 2010). By age five, children will automatically use physical facial
resemblance to accurately judge genetic kinship (Kaminski et al., 2012) suggesting an intuitive origin
for using physical properties to infer biological kinship. We speculate that intuitive conceptual knowl-
edge promotes the idea that physical (phenotypic) change can be inherited by offspring (Table 1). This
contributes to the observed resilience of misconceptions about evolutionary change. In this study, we
explore this hypothesis by examining differences in science-based and intuitive reasoning patterns
about inheritance in two scenarios. One prompt exhibited a behavioral change and the other included a
behavior which resulted in a physical change. It was hypothesized that intuitive knowledge of inheri-
tance processes would predispose students to incorrectly claim that inheritance will take place in the
physical change scenario more often than in the scenario with the behavioral change alone.

5 | CATEGORY CONSTRUCTION

The comparison of examples that share an underlying principle is an effective tool for promoting learn-
ing and transfer across many domains of study (see for review, Alfieri, Nokes-Malach, & Schunn,
2013). Comparison learning is particularly well-studied and effective for improving science learning
outcomes (Chen & Klahr, 1999; Glynn, 1991; Klahr & Li, 2005; Kurtz, Boukrina, & Gentner, 2013;
Kurtz, Miao, & Gentner, 2001; Matlen & Klahr, 2013). Considering the extensive laboratory evi-
dence that humans have difficulty retrieving useful knowledge in new or distinct contexts (Gentner,
Loewenstein, Thompson, & Forbus, 2009; Gentner, Rattermann, & Forbus, 1993; Gick & Holyoak,
1980, 1983; Loewenstein, Thompson, & Gentner, 1999), an instructional tool that can improve this
performance could have profound impact on education outcomes—particularly within the domain of
science instruction.

In the category construction task, learners are asked to sort a set of unlabeled examples into coher-
ent groups that instantiate a target scientific principle and counter examples. This technique builds on
comparison-based learning by integrating an additional component of unsupervised category learning.
In the present experiment, a set of positive examples (and foils) were sorted that target the principle of
evolutionary change—organisms passing on their genes and increasing the presence of a trait in a pop-
ulation. The goal of the task is to identify which passages exemplify the target principle (evolutionary
change) and then group them based on their adherence to that principle (see Figure 1). Through this
activity, the principle is learned as a relational category—a category defined by relations among entities

TABLE 1 Origins and persistence of the merged conceptualization of physical traits and genetic make-up

Intuitive Conception Origins in development Student views in the classroom

Physical traits of an organism
are the same as its genetic
composition.

� Early in life children use physical
features of parents to determine inher-
itance (Williams, 2012; Williams &
Smith, 2010).
� Children by the age of five auto-
matically use physical facial resem-
blance to accurately judge genetic
kinship (Kaminski et al., 2012).

� Genes are de facto physical traits
(Venville et al., 2005).
� Genes are “small, trait-bearing,
particles” (Lewis & Kattmann, 2004,
p. 195).
� Genes are “active particles that con-
trol characteristics” (Venville &
Treagust, 1998, p. 1031).
� Genetic materials are analogous to
physical characteristics (Marbach-Ad,
2001; Marbach-Ad & Stavy, 2000).

PREMO ET AL. | 5



(e.g., carnivore)—that can be used to identify instances of a scientific principle and make sense of the
world (Gentner & Kurtz, 2005). Category-based learning is critical for education; relational categories are
particularly ubiquitous in science education (e.g., force, catalyst, predator) (Goldwater & Schalk, 2016).
Relational categories form a key basis of knowledge organization for experts (Chi, Feltovich, & Glaser,
1981). In this case, we hypothesize that learners will be better equipped to identify evolutionary change
and retrieve science-based knowledge when reasoning about ecological situations and even situations
that are relationally similar but lack an ecological or biological context (e.g., artificial evolutionary proc-
esses such as evolutionary algorithms, for an example see Lamb & Premo, 2015).

The process of categorizing examples and nonexamples of a principle as a tool for learning has its
theoretical roots in structure mapping theory (Gentner, 1983)—the idea that the alignment and corre-
spondence of structured, conceptual representations is a key requisite for analogical reasoning and sim-
ilarity judgment. Research inspired by this theoretical framework has shown that human memory
retrieval will most frequently produce nonrelational remindings, even though relationally similar
knowledge has more value for higher-order cognitive processes like comparison, similarity judgment,
and analogical reasoning (Gentner et al., 1993; Gick & Holyoak, 1980). The key hypothesis underlying
our use of the category construction task is that the process of treating superficially distinct but rela-
tionally similar examples as members of a category can mitigate the well-studied failure of relational
memory retrieval (Kurtz & Honke, under review). In other words, we aim to promote the retrieval and
transfer of science-based knowledge by teaching classroom principles as categories (see also Goldwater
& Schalk, 2016). We hypothesize that principles that have category status will be accessible and
retrieved as fluidly as attribute-based categories: natural kinds (e.g., dogs, trees) and artifacts (e.g.,
chairs, cars). Simply stated, scientific principles learned by exposure to multiple examples in the cate-
gory construction task should be easier to identify when encountered in a manner akin to how we flu-
ently access attribute-based categories like “truck.”

Category construction builds on the importance of schema formation by seeking to optimize trans-
fer by promoting the establishment of category status. Schema formation promotes transfer by estab-
lishing a link between a specific knowledge cue and the abstracted schema within long term memory
(Gentner et al., 1993; Loewenstein, 2010). Category construction seeks to promote the establishment

FIGURE 1 Sortmat from the CategoryConstruction task (left) and sample scenarios (right). The top scenario (chipmunks)
is an example of the principle consistent (evolutionary change) scenarios. The bottom scenario (pandas) is a counterexample.
Note: The counterexample includes explicit offspring noninheritance of the behavioral change
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of more effective recall and transfer by investigating ways in which abstract schemas can be formalized
into a generalized representation (encompassing at least several cases) made more discrete via contrast
with nonexamples of a given category. Laboratory studies investigating the category status have
recently began, with the first evidence that category construction is effective for promoting learning
and transfer having recently been evidenced (Kurtz & Honke, under review).

The present work is designed to investigate how category construction can be integrated into
authentic classroom settings and to what degree it can promote the use of science-based conceptual
knowledge over alternatives; in this case intuitive student understanding of inheritance. There are two
main research questions in this work: To what extent do seventh grade students apply intuitive under-
standings of inheritance when a physical change is present (Scenario 2) versus when a behavioral
change is present (Scenario 1)? and Do students who learn about inheritance in an evolutionary context
via category construction demonstrate more scientific reasoning and less intuitive reasoning than a work-
sheet control? Additionally, a subgoal of this work was to investigate how varying levels of instructor
feedback support learning in the category construction task. Based on the research previously discussed,
we expect to find the coexistence of science-based reasoning and intuitive reasoning; we expect this rea-
soning to be differentially used based on the presence of physical versus behavioral changes in the assess-
ment prompts. If the category construction task is indeed effective for promoting the application of
science-based knowledge, explanations of evolutionary change should rely less on intuitive conceptual
knowledge and more on science knowledge in this condition. After answering these questions, we per-
formed a secondary analysis to examine the extent to which receiving the correct answer to a category
construction task (a basic form of feedback) contributed to the effectiveness of the task.

6 | METHOD

6.1 | Participants

As part of a larger study looking at the impact of category construction on student understanding and
transfer of evolutionary ideas, seventh grade science students (N5 314) from a middle-sized district in
the Northeastern United States participated in the experiment as part of their classroom instruction. The
demographics of the school include 48% female, 79% Caucasian, 7% African American, 8% Hispanic,
2% Asian or Pacific Islander, and 7% multiracial. Students with disabilities compromised 14% of the
school’s population, and 51% of the students were eligible for free or reduced lunch.

6.2 | Context

Three teachers were responsible for teaching all of the life science classes in the middle school where
the present study took place. Each teacher had prior experience teaching the class (at least three years)
and taught based on the state’s science standards. While each teacher demonstrated slightly different
approaches to instruction in the classroom, they coordinated with one another and used many of the
same activities and focused on all of the same concepts at approximately the same time (within a day
or two of instruction). The current intervention took place in the middle of the evolution unit. Students
had finished learning the multiple forms of evidence for evolution and were beginning a laboratory
activity on natural selection. Students completed either the category construction task or an
information-matched worksheet at the end of class on a Friday and were assessed at the start of class
on the following Monday. Students had no formal exposure to genetics or explicit instruction on inher-
itance in their classroom prior to the study.
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6.3 | Design and procedure

Classes were pseudo-randomly assigned to the category construction or worksheet control conditions
based on the constraint that each condition received classrooms with similarly rated academic ability
(as assessed by the teachers). There were three category construction conditions designed to assess the
effect of feedback: no feedback (n5 44), individualized feedback (n5 71), and classroom feedback
(n5 53); and the worksheet control condition (n5 53). Feedback is defined as students receiving
information about the correct answer to the categorization task with explanation following task comple-
tion. Students who did not receive feedback simply completed the task with no follow-up or other sup-
ports. Initial analysis found that there were no significant differences among these category
construction conditions in terms of either the average number of scientific conceptions or intuitive con-
ceptions students used. Thus, the category construction conditions were collapsed for the purposes of
research questions one and two. Even though category construction conditions did not demonstrate sig-
nificant differences in reasoning relative to one another, they could be differentially related to work-
sheet student reasoning. Therefore, a secondary analysis was performed (RQ#3) to examine the extent
to which each category construction condition differed from the worksheet control.

Students in the category construction task received a sort mat (Figure 1) presenting the target
evolutionary principle: “individuals who survive pass on their genetic traits, and this changes
their species over time.” The instructions were to “find three examples that demonstrate individu-
als surviving and passing on their genetic traits – leading to species change over time.” Students
were provided with six scenarios printed on laminated cards. These scenarios featured sentences
that were color-coded such that the students could identify the corresponding sentences in each
scenario. The color coding scheme was the result of a series of norming studies that indicated—in
contrast to college-level investigations—that middle school science students need additional sup-
port identifying correspondences between scenarios (Honke et al., 2015; Kurtz et al., 2014). Three
of the provided scenarios represented the target principle and three counterexamples presented
organisms learning a behavior during their lifetime that did not result in evolutionary change
(referred to as “other example” on the sort mat). The counterexamples were designed to highlight
the idea that behavioral change is not passed to offspring through heredity as an alignable differ-
ence from the principle consistent examples (Markman & Gentner, 1996, 1997). This contrast was
used to highlight and address a documented misconception that students have about heredity
(Lewis & Kattmann, 2004; Marbach-Ad, 2001; Marbach-Ad & Stavy, 2000).

The worksheet control group received a one-page worksheet that presented the target evolutionary
principle and the three principle-consistent scenarios provided in the category construction task (the non-
evolutionary change counterexamples were not provided). The worksheet featured four self-explanation
questions that probed knowledge of the principle of heredity and evolutionary change (see supplemen-
tary materials). It was informationally consistent in terms of the target principle and scenarios. The work-
sheet employed self-explanation, an alternative learning technique favored for fostering relational
knowledge like science principles (Williams & Lombrozo, 2010, 2013). Lastly, its structure was com-
monly used in these specific classroom settings. An examination of worksheets typically provided by the
teachers revealed that contrast cases were not a component. Thus, contrast cases were not included in the
worksheet condition to maintain alignment with the authentic instructional practices of these classrooms.

The following class day (three-day delay), all students completed an assessment composed of
scenario-based free response questions (see below). The two free response prompts were designed to
assess student understanding that intragenerational changes made by an individual are not inherited by
their offspring. A key difference between scenarios is whether the intragenerational behavioral change
had a physical/phenotypic impact. Given research that shows students typically conflate genes with
physical features (Lewis & Kattmann, 2004) and intuitively judge relatedness by physical features
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(Kaminski et al., 2012), the inclusion of a physical change was a compelling lure—likely to evoke
incorrect explanations based on nonscientific conceptual knowledge (see scenarios in Table 2).

The third author collected student responses and blinded them prior to providing them to the
primary author. Code categories were developed by the primary author (currently in a biology
department and has completed graduate coursework in microgenetics and evolutionary theory) to
classify student justifications within responses as scientific, intuitive, or other. This scheme was
informed by a diverse body of research on evolution and inheritance misconceptions (See above
section on Intuitive Concepts of Inheritance, p. 8) and sought to capture the majority of justifica-
tions provided by students. The primary author and secondary author (science education faculty
member with appointment in both biology and education departments) then coded all justifications
within student responses independently from one another. Results were compared after independ-
ent coding of all student justifications. This revealed acceptable agreement during the initial classi-
fication (k> 0.93 per category, see Table 1) and differences were resolved by discussion to reach
100% agreement and generate the final dataset.

Two aspects of the responses were examined in the coding scheme: (1) whether the student
indicated that the behavioral change would have an impact on subsequent generations and (2) the
justification(s) provided for this position. While (1) is a dichotomous yes/no rating, students could
provide multiple justifications for their position in response to the prompt. Each justification was
included in the analysis of both students reasoning between scenarios, as well as between category
construction and control groups. Once the justifications were identified, each was judged to be sci-
ence aligned, intuitive, or other. Science aligned justifications were defined by congruence with
evolutionary theory. This included arguing for no impact, justifications based on learned behavior,
recognition of the greater likelihood of survival by the parent generation (thus, making them better
able to raise young), and answers referencing genetics or no heritability. Intuitive justifications
included reasoning for significant impacts on future generations that either explicitly included
inheritance (e.g., “Yes because when two deer reproduce the younger deer will get the traits”) or
implied inheritance (e.g., “Yes they will become sharper with more generations”). Justifications
based on additional physical traits in response to the scenario were also included in this category.
For more examples of codes that were considered science aligned and intuitive and for student
examples of each category see Table 3.

TABLE 2 Comparison of scenario prompts

Scenario 1 Scenario 2

Similarities (bold)

� New behavioral change
� Survival advantage
� Asking about the impact
on later generation(s)

Some of the deer have developed the
habit of drinking alongside the
river rather than standing in the
river, so their feet do not get wet
and cold. Will this have any effect
on the offspring of the deer?
Explain your answer.

A group of bears have begun using
rocks to sharpen their claws. This
makes it easier for them to get food.
Do you expect anything to change
about the claws of these bears across
many generations? Explain your
answer.

Differencesa (italics)
� Wording of the change
� Survival value of change
� Time frame of change

aWe recognize that, while necessary to make the prompts distinct, some differences between scenarios could also elicit inheritance
idea in students. These are addressed at the end of the results section.
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TABLE 3 Student reasoning codes

Impact Justification Type Example for S1 Example for S2

No They wouldn’t
know the beha-
vior

Sci “No because this is not a trait
the baby will have to learn
this.”

“The offspring’s parents might
teach them how to, but the
newborn will not know at
first.”

Change isn’t im-
portant enough
to matter

n/a “Some deer stand in the river
and it doesn’t change the
offspring so it makes no
difference.”

“No I think even if bears has
sharper claws they wouldn’t
be able to sneak up on prey.”

Change is not
heritable

Sci “No, because a deer makes the
decision to go in the water
it’s not a trait that can be
passed on.”

“No because bears were learn-
ing something. . . which is
not passed on.”

Change is just a
choice/not fixed

Sci “No this will not have an
effect. . . because the deer
choose to stand on the side of
the river.”

“No because they are doing this
by themselves, it’s not a
trait.”

Survival reasoning
(doesn’t impact
survival)

Sci “No because if their feet are
cold they still have the ability
to find a mate and repro-
duce.”

“No because if their claws
already get them food they
don’t need to change.”

The animal was
not born with
the change

Sci “The deer were not born with
this skill or intelligence.”

“No because. . . they were not
born with the claws that they
are getting from sharpening
them.”

Change is not ge-
netic/DNA
based

Sci “This will not have any effect
on the offspring of the deer
because it is just a habit not a
genetic trait.”

“No the bear’s offspring’s
claws would not change be-
cause sharpen claws are not
in their DNA.”

Yes Survival reasoning
(change in-
creases survival)

Sci “Yes more deer will survive
because their feet will not be
wet and cold.”

“Yes the bears with sharp claws
will live and reproduce.”

Significant future
impact (implicit
inheritance)

Int “Yes because the young deer
will gain this trait and they
will begin doing this.”

“Yes they will become sharper
with more generations.”

Through learning
the change

Sci “Yes because the offspring will
learn this habit from their
parents.”

“I do because the bears that
aren’t doing this may imitate
the bears that are.”

Explicit inheri-
tance of the
change

Int “Yes because when two deer
reproduce the younger deer
will get the traits.”

“I think eventually the species
of bears will have naturally
sharp claws because it is a
trait that will be passed down
to each bear’s offspring.”

Through additional
physical traits

Int “Yes I think their necks might
adapt to be long to get water
easier.”

“Yes more sharp and probably
longer claws.”

Note: Letters representing categories of reasoning include “Sci” (Science aligned justification is defined by whether or not the jus-
tification is congruent with evolution), “Int” (Justifications aligned with intuitive understandings of inheritance that conflict with
science) and “n/a” (Justification that the change was “not important enough” could be interpreted as other).
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7 | RESULTS

Prior to analysis, students who did not complete the questions or provided an illegible/nonsensical
answer were removed. The remaining students provided responses to both scenarios (category con-
struction, n5 172; worksheet control, n5 53). Performance scores on a unit test from an unrelated
unit (cell biology) that immediately preceded the evolution unit (MCC5 70.4; MWC5 70.1) and the
evolution unit test (MCC5 78.7, MWC5 77.8) were used to confirm that random assignment to condi-
tion produced relatively balanced groups. The groups were not significantly different in their perform-
ance on the unit tests (ps> .5).

Data normality was assessed using Shapiro–Wilk tests. Results of the Shapiro–Wilk tests showed
significant non-normality in all variables, thus nonparametric tests were used (Field, 2013). We
attempted to further account for both non-normality and unequal samples sizes with a sample-based
bootstrapping approach. Primary nonparametric analyses between scenarios and conditions were boot-
strapped (1,000 iterations, resampling with replacement) and cumulative results were examined to
make sure that significance was still found in greater than 95% of bootstrapped samples. Results will
first be presented on the differences in student reasoning across scenarios using Wilcoxon signed-rank
tests (1 sample/paired) to compare the quantity and average number of reasoning types between scenar-
ios. This is followed by McNemar’s test for paired nominal data to examine more nuanced differences
in each reasoning category by scenario. Finally, differences between the category construction and
worksheet control groups are reported. Wilcoxon 2-Samples tests were used to compare mean fre-
quency of intuitive and science justifications between the category construction and worksheet control
groups.

RQ#1 To what extent did seventh grade students apply intuitive understandings of inheritance
when a physical change was present (Scenario 2) versus when a behavioral change was present (Sce-
nario 1)?

First, we examined student application of both scientific and intuitive reasoning between scenarios
(Figure 2). We hypothesized that students would be more likely to apply intuitive reasoning in Sce-
nario 2 (where a physical change took place) than Scenario 1, where only a behavioral change took
place. Descriptive statistics show that 41% and 33% of students provided science-aligned responses for
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FIGURE 2 Difference in science aligned and intuitive justifications provided in each scenario. Note that that while stu-
dents provided approximately the same amount of science aligned reasons regardless of scenario, there was a strong contrast
between the intuitive reasons provided by students in Scenario 1 (no physical change) and Scenario 2 (physical change).
Error bars represent the 95% confidence interval for the bootstrappedmean
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Scenario 1 and Scenario 2, respectively. The bootstrapped mean number of science justifications pro-
vided by students was 0.49 (95% CI 0.41–0.57) in Scenario 1 and 0.47 (95% CI 0.38–0.57) in Scenario
2. A bootstrapped Wilcoxon signed-rank analysis uncovered no reliable difference between scenarios
(p> .1), suggesting that students did not provide more science-based responses to either scenario.

However, a different pattern emerged when examining the mean proportion of students using intui-
tive justifications across scenarios. Intuitive justifications were provided by 16% of students in Scenario
1% and 50% of students in Scenario 2. The mean number of intuitive justifications provided by stu-
dents was 0.16 (95% CI 0.11–0.21) in Scenario 1 and 0.61 (95% CI 0.52–0.71) in Scenario 2 as seen
in Figure 2. A bootstrapped Wilcoxon signed-rank test showed that every iteration produced a reliable
difference between conditions, p< .001. Thus, students demonstrated significantly more use of intui-
tive reasoning when a physical change was present than when only a behavioral change was present.
This aligned with our hypothesis that physical changes in an organism would produce more intuitive
reasoning by students. Additionally, the differential application of intuitive reasoning between scenar-
ios (without a change in scientific reasoning) may suggest independent application. In other words,
there did not appear to be an inverse relationship between student application of scientific and intuitive
reasoning.

Next, we investigated shifts in student response justification. McNemar’s test for paired nominal
data was used to examine differences in the frequency of student scientific and intuitive justifications
between scenarios (see Figure 3 for results and Table 3 for definitions and student examples). Based
on our hypothesis, we would expect that students would preferentially apply intuitive explanations in
the second scenario over the first. This was supported by results showing that students provided signifi-
cantly more reasoning for implicit inheritance (v2 (1, N5 60)5 9.8, p< .001, u5 0.21) and explicit

FIGURE 3 Comparison for student use of justifications between scenarios (n5 225). Note that students could include
more than one justification per response. “Sci” (Science aligned justification is defined bywhether or not the justification is
congruent with evolution), “Int” (Justifications aligned with intuitive understandings of inheritance that conflict with sci-
ence) and “n/a” (Justification that the change was “not important enough” could be interpreted as other). * Significant differ-
ence between scenarios (McNemar’s test for paired nominal data, p< .01). See Table 3 for definitions and descriptions of
each justification category
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inheritance (v2 (1, N5 77)5 49.0, p< .001, u5 0.47) in Scenario 2 (physical change) as compared to
Scenario 1. Additional differences in student justification between scenarios were that students prefer-
entially argued that the offspring would not know the behavior (v2 (1, N5 77)5 13.6, p< .001,
u5 0.25) and that the behavior was not important (v2 (1, N5 35)5 9.32, p< .001, u5 0.21) in Sce-
nario 1. Surprisingly, students preferentially reasoned that the offspring would not be born with the
phenotypic change in Scenario 2 (v2 (1, N5 32) 5 18.2, p< .001, u5 0.28). The preferential use of
noninheritance reasoning was interesting because it is a scientifically accepted idea and was preferred
as a response in Scenario 2—where intuitive ideas were also more likely to be found. This phenom-
enon may be representative of a divergence in the ideas students are drawing on in the second scenario,
with a minority recognizing that heritability was not present even with a physical change cue.

Alternative explanations for differences in student reasoning were also examined. No reliable dif-
ferences were found between scenarios (ps> .1) for references of the time frame of the change, how
the change occurred, or the survival value of the change. Taken together, results support the conclusion
that students preferentially applied intuitive reasoning as hypothesized—specifically, justifications
using inheritance in the physical change scenario were more frequent than in the behavioral change
scenario. The discovery of a difference in intuitive reasoning despite no reliable difference in scientific
reasoning suggests that science-based and intuitive justifications were independently applied.

RQ#2 Did students who learned about inheritance in an evolutionary context via category con-
struction demonstrate more scientific reasoning and less intuitive reasoning than a worksheet control?

Next, we examined differences between scientific and intuitive reasoning between category con-
struction and the worksheet control. The difference in mean frequency of scientific justifications was
examined between the category construction and worksheet control conditions using a Wilcoxon 2-
Sample test bootstrapped with 1,000 iterations. Results showed that students assigned to category con-
struction provided more scientifically accepted responses (M5 1.12, 95% CI5 0.95–1.28) than the
worksheet control (M5 0.47, 95% CI5 0.29–0.68) in 98.7% of iterations of the analysis, p5 .013
(see Figure 4). The mean frequency of intuitive justifications was also examined between the category
construction and worksheet control conditions using a Wilcoxon 2-Sample test bootstrapped with
1,000 iterations. The analysis uncovered a significant difference between the conditions where category
construction produced fewer intuitive explanations (M5 0.67, 95% CI5 0.55–0.79) than the work-
sheet control (M5 1.13, 95% CI5 0.90–1.37) in 95.5% of iterations of the analysis, p5 .045 (see Fig-
ure 2). Taken together, these results suggest that category construction reduced the use intuitive
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FIGURE 4 Comparison of the mean number of scientific and intuitive justifications for each condition for both scenar-
ios combined. Error bars represent the 95% confidence interval for the bootstrappedmean
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knowledge and increased the use of science-based knowledge when reasoning about heredity and evo-
lutionary change.

RQ#3 To what extent does feedback support student reasoning following category construction?
Lastly, a secondary analysis was conducted to examine the relative contribution of different cate-

gory construction conditions (classroom feedback, individual feedback, and no feedback) to the differ-
ences in student scientific and intuitive reasoning (see Figure 5). While there were no significant
differences among category construction conditions, variations in implementation could have impacted
student reasoning differentially in comparison to the worksheet control. Results showed that students
who did not experience feedback following category construction (M5 0.86, 95% CI5 0.60–1.12)
only demonstrated marginal increases in their use of science reasoning (p5 .07) relative to worksheet
students (M5 0.47, 95% CI5 0.29–0.67, d5 0.40). Students who experienced classroom feedback
demonstrated significantly higher science reasoning (p< .05, M5 1.24, 95% CI5 1.03–1.48,
d5 0.93) in comparison to worksheet. Similarly, students who experienced individual feedback also
demonstrated higher science reasoning (p< .05, M5 1.23, 95% CI5 0.99–1.48, d5 0.72). Overall
scientific reasoning was strongest when feedback was provided with category construction, but both
levels (individual or classroom) appeared equally effective.

Next, differences in student intuitive reasoning were examined. Students who did not experience any
feedback following category construction still demonstrated significant decreases in their use of intuitive
reasoning (p< .05, M5 0.79, 95% CI5 0.55–0.97, d5 0.37) in comparison to the worksheet
(M5 1.13, 95% CI5 0.91–1.34). Students who experienced classroom feedback also demonstrated sig-
nificantly lower intuitive reasoning (p< .05, M5 0.76, 95% CI5 0.55–0.97, d5 0.44). Students who
experienced individual feedback in the category construction task demonstrated the lowest intuitive rea-
soning (p< .05,M5 0.52, 95% CI5 0.37–0.68, d5 0.76) relative to worksheet. In total, implementation
of the category construction task with classroom feedback produced the highest frequency of scientific
reasoning. This was not the case for intuitive reasoning, where no feedback and classroom feedback
showed similar effects. Intuitive reasoning was lowest when individual feedback was provided.

8 | DISCUSSION

The results support two conclusions: (1) Students can simultaneously hold and selectively apply
science-based reasoning and intuitive understanding to explain inheritance based on a physical change
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FIGURE 5 Comparison of the mean number of scientific and intuitive justifications for each condition for both scenar-
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cue; and (2) the category construction task appears to impact which of these reasoning strategies are
applied. The category construction group applied more scientific explanations and fewer intuitive
explanations for each scenario. While student accuracy during the categorization task is not addressed
in this analysis, participating in the category construction learning activity is enough to improve the fre-
quency of science-based explanations of the mechanisms of evolution and inhibit intuitive explana-
tions. In addition, providing students with individual feedback appears to be the most optimal feedback
method for the category construction task—in the present sample, it increased scientific reasoning and
decreased intuitive reasoning to a greater degree than category construction without feedback. The task
is lightweight, student-focused, and quite short in its duration, making the inclusion of feedback a rea-
sonable addition to optimize student learning in the task.

Two implications arise from the coexistence and contextual nature of student reasoning observed
in the current study. The first is that assessments of students must be cognizant of the contextual prop-
erties of misconceptions. A study including only Scenario 1 would have produced the conclusion that
students did not believe that intergenerational change can impact inheritance. Scenario 2, however,
clearly showed contextual application of this intuitive conception in the study population. The majority
(61%) of students’ reasoning for explicit inheritance in Scenario 2 argued against impact in Scenario 1,
with only 2 students (0.9%) having reasoned for explicit inheritance in both scenarios. Extrapolating
this finding to the population, over 60% of students might be expected to make the intuitive assertion
that physical changes will have inheritance impacts. The results suggest that during initial exposure to
evolution concepts, students are extremely susceptible to viewing evolution in the context of physical
change. As heredity is one of the major components of both evolution by means of natural selection
and genetics, instructors in both areas need to be aware of this intuition prior to being able to actively
work against it in the classroom.

Second, the results align with a coexistence framework that argues that the significant alteration or
removal of misconceptions (specifically those of intuitive origin) may not be a realistic end goal for
science education. Here, the data were collected at the end of an evolution unit where students had
already received significant exposure to natural selection. Yet, the results show that only a minority of
students (41% and 33% respectively per scenario) were able to provide a scientifically accepted expla-
nation. In contrast, students drew on significantly more intuitive reasoning in Scenario 2, suggesting
that an inverse relationship between scientific and intuitive reasoning may be overly simplistic. Simply
stated, more work needs to explore the nuanced relationship between human intuitive and scientific
reasoning. If we cannot remove or change intuitive reasoning, then supporting student ability to inhibit
intuitive responses could be a fruitful line of future research.

8.1 | Limitations

There are limitations to the current study that should be more comprehensively addressed in future
work. First, the item contexts hold a substantial influence on student reasoning patterns. The current
study only reports on differential student responses to two different free response scenarios. These sce-
narios were not meant to be exhaustive nor represent the “core” of student understanding of inheri-
tance. Rather, they offered a case study for examining coexistence and contextual student application
of ideas. Future work that builds upon this by using more diverse intuitive misconceptions could be
influential in revealing the extent to which contexts drive intuitive versus scientific student reasoning.
Second, the current study did not account for the impact of classroom learning on this contextual appli-
cation. While significant effects were seen based on the category construction task, the task only occu-
pied a minority of the time students spent learning about natural selection. As such, future work that
tracks the impact of instructional variables on contextual student reasoning may be fundamental for
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understanding how the inhibition of intuitive reasoning occurs. Third, while the current study shows
potential for the category construction strategy, its novelty in the classroom means that many
unknowns remain at this point. One particular unknown of the current study that needs to be addressed
in future work is the effectiveness of category construction in comparison to a worksheet with both
examples and nonexamples. We choose to design the comparison worksheet to mirror the common
practice of the teachers, but this meant that there was not a 1:1 information match between conditions.
While contrast examples might be out of place in a worksheet activity designed to introduce a new
concept, they are critical for the category construction task. It is clear that a better understanding of
their role and design is needed to fully characterize the impact of learning via category construction.
Fourth, the role of feedback during category construction needs to be more systematically compared to
other tasks. The process by which students complete the category construction task is more complex
than finding and copying specific pieces of information (the common “reading comprehension” prac-
tice for worksheets). This means that the worksheet and category construction tasks have differential
built in support (beyond external feedback) for students. Future work needs to better characterize opti-
mal implementation of the task, as well as how it compares to a diversity of other learning tools.

8.2 | Implications for practice

Beyond recognizing the importance of coexistence between scientific and intuitive conceptions, the
present results suggest that category construction can increase the use of scientific reasoning over intui-
tive reasoning. Some instructors may wish to make use of category construction in the classroom. For
these instructors, we would like to emphasize that to-be-sorted scenarios should be diverse in their
superficial features and identical in their relational structure, that is, the way in which the scenarios
exemplify the target principle. Feature-based sorting takes place when individuals use the surface
attributes (similar colors, shapes, animals, habitats) of the scenarios to build groups. This might lead to
the erroneous belief that certain animals or habitats adhere to the principle but others do not. Only the
relational structure underlying the examples determines membership in the principle-based relational
category. Therefore, care must be taken to create scenarios with a diversity of superficial features so
that the only commonality is the way that the scenarios exemplify the target principle.

Examples of evolution and its constituent components (e.g., heredity, natural selection) can be bet-
ter represented as members of a relational category (in comparison to a feature based category) because
the examples are defined by consistent commonalities in relational structure (Goldwater & Schalk,
2016). Catalysis, force, predation, and flow are all examples of scientific concepts that can be viewed
as relational categories—example members of these categories exemplify the interaction of a set of
entities and their relationships. A more general example of a relational category is “family”. This type
of relational category not only includes explicit biological relationships (e.g., mother that gave birth to
her daughter), but also hierarchical based social responsibilities (e.g., the mother takes care of her
daughter) and expectations (e.g., older generations are obeyed by younger generations). Evolution can
be thought of as complex relational category. Natural selection is just one of several mechanisms of
evolution, but by itself includes many different components (e.g., phenotypic variation, limited resour-
ces, predation, competition, heritability, and mating) with typical relational roles interacting dynami-
cally within a particular environment. For example, population limiting forces (e.g., disease, predation,
food, and shelter) impact individual’s survival based on their phenotypic variation. Surviving individu-
als are more likely to reproduce. If the phenotypic variation has a genetic component, then it has a
chance to be inherited by offspring. This differential survival paired with heritability results in shifts in
gene frequencies within a population’s gene pool (i.e., evolutionary change). The specific way in
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which these relationships play out can vary, but the broad relational structure laid out above is consist-
ent for any situation that can be classified as an instance of natural selection.

The process of knowledge development in science often emerges from comparison and abstraction
among multiple sources of data. Category construction can be seen as representing this process of
knowledge development as it requires students to compare across exemplars and then abstract a larger
idea from them. The target of category construction can take many forms. In some instances the target
idea may be the scientific theory itself and in other instances the target may be smaller components
(we refer to this as a principle) of a theory. It is not uncommon for evolutionary theory to be
approached via its component parts (for a review see Gregory, 2009) so in this study we chose to target
just one aspect of this larger theory due to well-documented difficulty that students have in mastering
evolutionary theory (Bishop & Anderson, 1990; Demastes et al., 1995; Gregory, 2009; Smith, 2010).
This does not mean that theories could not be targeted using category construction in future work.

Category construction offers an opportunity for students to look across multiple scenarios to
abstract the relationships that define evolutionary change for themselves. In this study, the aim was to
promote the development of an abstraction that underlies the distinctions between genetic and pheno-
typic change for offspring characteristics. We can imagine more intense uses of category construction
in the classroom where the principle is not presented ahead of time to students—though in this study’s
context the provision of the principle seemed necessary. Even without a principle being presented a
head of time, students would still be provided with a number of varied scenarios that encourage them
(with instructor feedback) to abstract relationships between different components of natural selection.
This student-driven discovery approach may have better results than a direct instruction approach with
more advanced students that can be relied on to extract the relational commonalities on their own, as is
found with college-level learners (Kurtz & Honke, under review).

8.3 | Conclusion

The current study emphasized the value of intuitive student conceptions beyond the obstructive charac-
terization they often receive within the science learning community. Under this perspective, student
reasoning about inheritance was examined under contextual variation and the results revealed that intu-
itive and science-based reasoning coexists in middle level science student cognition. Further, the cate-
gory construction task seeded with scientifically valid scenarios can promote application of science-
based reasoning over intuitive reasoning. These findings are not limited to the science learning context,
but also raise questions about how intuitive conceptions/misconceptions should be approached in the
classroom and the potential limitations of assessments (which are often not designed to address contex-
tual variation in student intuitive responses). These assessment implications can be particularly slippery
for educators. At what point can an assessment be considered contextually sensitive enough to provide
robust measures of student science understanding? One useful step will be to identify the contexts
most likely to elicit intuitive student conceptions—a fruitful place to begin may be contexts in which
an intuitive conception could be beneficial to everyday human functioning.
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ENDNOTE
1 The authors recognize that a myriad of terms have been used to (re)classify student ideas that run counter to science
understandings (Leonard, Kalinowski, & Andrews, 2014) and have chosen intuitive conceptions to discuss a subset of
these which have everyday value. This can be synonymous with the term misconception in some cases.
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