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Learning Evolution by Collaboration

ANDREW SHTULMAN  AND ANDREW G. YOUNG

Collaboration can be an effective means of learning, but is it effective in domains where collaborators rely on conceptually 
distinct forms of reasoning? We explored this question in the domain of evolution, where many students construe evolution as the 
uniform transformation of all members of a population rather than the selective survival and reproduction of a subset. College 
undergraduates (n = 174) completed an assessment of their evolutionary reasoning by themselves (pretest) and with a partner 
(dyad test); some (n = 44) also completed an assessment several months later (posttest). Higher-scoring partners pulled up lower-
scoring partners to achieve a dyad score equivalent to the higher-scoring partner’s pretest score. Lower-scoring partners retained 
a score boost when working alone at posttest. These findings indicate that students who hold different views of evolution are able 
to collaborate effectively, and such collaboration yields long-term learning gains for partners with lower levels of understanding.
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Evolution by natural selection is one of the most   
 difficult topics to teach and to learn, not just in biol-

ogy but in science as a whole (Shtulman 2017). It is widely 
mischaracterized (Gould 1996), widely mistrusted (Miller 
et  al. 2006), and widely misunderstood (Gregory 2009, 
Weisberg et  al. 2018), and many strategies for teaching 
evolution, from case studies to hands-on activities, are 
met with limited success at improving conceptual under-
standing (Legare et  al. 2018). In the present article, we 
explore the possibility of teaching evolution through peer 
collaboration.

Psychological research has found that people solve prob-
lems more successfully if they work with a partner (Gauvain 
and Rogoff 1989, Okada and Simon 1997), and science 
education research has found that students learn course 
material more successfully if they discuss it with their peers 
(Crouch and Mazur 2001, Smith et al. 2009). It remains an 
open question, however, whether peer collaboration is use-
ful when students hold deep-seated misconceptions about 
the learning domain—misconceptions that conflict with 
scientific ideas and interfere with instruction (Gregory 2009, 
Pobiner 2016). The goal of the current study is to determine 
whether students who hold a scientific understanding of 
evolution can collaborate effectively with those who hold 
an alternative, nonscientific understanding (Shtulman 2006, 
Shtulman and Calabi 2012) and whether such collaboration 
yields learning. Addressing these questions can inform our 
understanding of collaborative learning, as well as best prac-
tices in biology education.

Learning about scientific topics such as evolution and 
natural selection requires conceptual change, or knowledge 
restructuring at the level of individual concepts (Chi 1992, 

Carey 2009). Science involves entities, properties, and mech-
anisms that defy basic intuitions about how the world works, 
and these intuitions must be reorganized and restructured in 
the course of science education (Nersessian 1989, Vosniadou 
1994). Students who fail to undergo conceptual change 
develop systematic misconceptions about the domain at 
hand. These misconceptions are robust in the face of coun-
terevidence and counterinstruction, and they impede com-
munication between those who have achieved conceptual 
change and those who have not (for reviews, see Carey 2009, 
Shtulman 2017).

Achieving an accurate understanding of evolution is 
impeded by several factors, including a poor understand-
ing of randomness (Fiedler et al. 2017), teleological beliefs 
(Barnes et  al. 2017), and belief in creationism (Weisberg 
et al. 2018). In the present article, we focus on obstacles to 
understanding the population-based logic of natural selec-
tion. From a scientific point of view, evolution is the out-
come of differential survival and differential reproduction 
within a population; traits possessed by the most reproduc-
tively successful individuals spread through the population 
over time (albeit under the influence of additional factors, 
such as genetic drift). Most people do not view evolution 
in these terms. Instead, they view evolution as the uniform 
transformation of an entire population, where every organ-
ism is guaranteed to have offspring more adapted to the 
environment than it was at birth (Bishop and Anderson 
1990, Shtulman 2006, Kampourakis 2014). This view is 
grounded in the commonsense assumption that all members 
of a species share the same inner nature, or essence, which 
determines their outward appearance and behavior (Gelman 
2003, Shtulman and Schulz 2008). Evolution is incorrectly 
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viewed as the cross-generational metamorphosis of the spe-
cies (and its essence), with all organisms acquiring the traits 
they need to acquire in order to survive; selection plays no 
role in this process.

Essentialist misconceptions about evolution have been 
documented in people of varying ages and educational 
backgrounds, including children (Berti et al. 2010, Shtulman 
et  al. 2016), adolescents (Donnelly et  al. 2016, Wyner and 
Doherty 2017), college biology majors (Nehm and Reilly 
2007, Coley and Tanner 2015), science graduate students 
(Brumby 1984, Gregory and Ellis 2009), preservice science 
teachers (Nadelson 2009, Rice and Kaya 2012), and high 
school biology teachers (Nehm et al. 2009, Yates and Marek 
2014). These misconceptions characterize how people rea-
son about a variety of evolutionary phenomena, from the 
microevolutionary phenomena of variation, inheritance, 
and adaptation to the macroevolutionary phenomena of 
domestication, speciation, and extinction (Shtulman and 
Calabi 2012, Shtulman 2006). Collectively, they constitute an 
alternative way to understand evolution, yielding coherent 
inferences despite their inconsistency with natural selection.

Conceptual change requires abandoning our intuitive 
conceptions of a domain in favor of more accurate, scientific 
conceptions, where ideas entailed by the former no longer 
make sense on the latter. Consider the phenomena of spe-
ciation and extinction. Students who hold an essentialist 
view of evolution reject the idea that species share common 
ancestors, particularly species from different phyla or king-
doms, because each species is believed to possess a distinct 
essence, whereas students who hold a selection-based view 
endorse not only the idea of common ancestry but also the 
idea that all species share a common ancestor (Poling and 
Evans 2004b, Shtulman 2006, Horn et  al. 2016). Students 
who hold an essentialist view also reject the idea that spe-
cies frequently go extinct, because species are believed to 
develop the traits they need in order to survive, whereas stu-
dents who hold a selection-based view endorse the opposite 
idea—namely, that species are more likely to go extinct than 
to adapt to unpredictable environmental changes (Poling 
and Evans 2004a, Shtulman 2006).

Because intuitive conceptions of a domain support dif-
ferent ideas and beliefs than scientific conceptions, people 
who have achieved conceptual change can have difficulty 
conversing with people who have not. Such difficulties 
have been observed in conversations between children and 
adults (Carey 1985, Vosniadou and Brewer 1992), conversa-
tions between science students and science teachers (Reiner 
et  al. 2000, Wiser and Amin 2001), and conversations 
between scientists working with different conceptual models 
(Dunbar 1997, Paletz et al. 2016). Impasses in communica-
tion regularly occur in the context of learning, as when pre-
schoolers learn the properties of living things from a parent 
(Carey 1985) or when middle schoolers learn the properties 
of thermal systems from a teacher (Wiser and Amin 2001), 
but it is unclear how they affect learning. Conceptual change 
requires overcoming the conceptual gap responsible for the 

impasse, but how do learners navigate the impasse? How 
do they communicate about scientific phenomena if they 
understand those phenomena differently?

These questions are particularly important in light of 
the finding that collaboration facilitates learning. For many 
inductive problems, individuals are more likely to solve 
them—and learn from them—if they collaborate with a 
partner (Gauvain and Rogoff 1989, Laughlin et  al. 1991, 
Leman et al. 2016). Collaboration, or the construction of a 
shared understanding through active communication, can 
be effective for several reasons. It opens partners’ eyes to 
ideas they would not have generated on their own, revealing 
alternative approaches to the same problem (Schwarz et al. 
2000, Young et al. 2012) or alternative explanations for the 
same phenomenon (Ames and Murray 1982, Howe 2009). It 
forces collaborators to articulate their reasons for endorsing 
a particular hypothesis or favoring a particular solution and 
defend those reasons with evidence (Teasley 1995, Okada 
and Simon 1997). And it introduces social incentives for 
completing the task at hand, increasing partners’ persistence 
in the face of obstacles (Butler and Walton 2013).

Given the pedagogical benefits of collaboration, we sought 
to determine whether collaboration is useful in a domain 
requiring conceptual change (evolution). This question has 
both practical and theoretical significance. From a practical 
point of view, educators who instruct students on complex 
scientific topics—including not just evolution but also other 
complex topics such as microbiology (Au et  al. 2008) and 
genetics (Duncan et  al. 2009)—would benefit from know-
ing whether peer collaboration is likely to be productive or 
counterproductive. From a theoretical point of view, models 
of conceptual change would be informed by clarifying how 
this process is best achieved. Some forms of collaboration, 
such as parent–child conversation, have proven successful at 
improving conceptual understanding (Jipson and Callanan 
2003, Gunderson and Levine 2011), but so have other activi-
ties, including refutation-based instruction (Asterhan and 
Resnick 2020), inquiry-based instruction (Sandoval and 
Reiser 2004), and extended case studies (Kelemen et  al. 
2014). Is collaboration a reliable means of facilitating con-
ceptual change?

Previous studies suggest yes. Asterhan and Schwarz (2007, 
2009) found that undergraduates who collaborated on 
explaining two instances of adaptation (mosquitos devel-
oping resistance to insecticide and cheetahs acquiring the 
ability to outrun other mammals) provided more selection-
based explanations following collaboration. Loyens and 
colleagues (2015) found that undergraduates who collabo-
rated on determining the paths of three projectiles (a child 
jumping from a swing, an object falling on someone’s head, 
and a coyote falling from a cliff) drew more accurate paths 
following collaboration. These studies involved domains in 
which learning a correct, scientific understanding is difficult 
to achieve, but they are limited in that they explore a single 
facet of the domain (adaptation and free fall, respectively) 
and they provided explicit guidance on how participants 
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should collaborate. In the present article, we explore the 
effects of collaboration without guidance and across several 
facets of the target domain: variation, inheritance, adapta-
tion, domestication, speciation, and extinction. This breadth 
of topics provides a more comprehensive assessment of how 
collaboration might facilitate conceptual understanding, as 
well as the frequency and scope of those benefits.

We assessed the effects of collaboration both in the short 
term and the long term. Our short-term assessment was a 
comparison of how participants reasoned about evolution 
when working alone and when working with a partner, as a 
dyad. We expected dyads to perform more accurately than 
individuals, but how much more accurately was an open 
question. Although dyad members with higher levels of 
understanding could demonstrate accurate reasoning, their 
partners might not be persuaded by that reasoning or might 
explicitly reject it. Partners could also help generate new 
ideas—ideas that neither dyad member had generated on 
their own (Smith et al. 2009). Alternatively, dyad members 
with higher levels of understanding could be swayed by their 
partner to accept inaccurate reasoning. We explored these 
possibilities by comparing participants’ responses to a com-
prehension assessment before and during collaboration, as 
well as by analyzing what dyad members said to each other 
when collaborating.

Our long-term assessment of the effects of collaboration 
was a comparison of how participants reasoned about evo-
lution prior to collaboration and then several months later. 
We expected participants to retain some of the conceptual 
gains they made when working with a partner, but it was 
an open question how much they would retain and whether 
both partners would retain similar amounts. Although part-
ners with lower levels of understanding might demonstrate 
reliable gains, partners with higher levels of understanding 
could demonstrate reliable losses, if they abandoned their 
reasoning strategies in favor of their partners’.

Method
Our study was conducted at Occidental College and was 
approved by the Occidental Institutional Review Board, as 
proposal Shtu-D12069.

Participants.  The participants were 174 college undergradu-
ates, recruited from introductory psychology and cognitive 
science courses and compensated with extra credit or a 
small stipend, depending on their preference. The par-
ticipants had most likely taken biology in high school, and 
some may have taken biology in college, but we did not ask 
them to report the number or content of those classes. The 
participants completed the study in pairs, forming a total 
of 87 dyads.

The dyads were created by convenience, not pretesting; 
participants who signed up to complete the study at the same 
time were partnered. Some participants knew their partner 
prior to participation, and some did not, but familiarity with 
one’s partner did not influence participants’ performance on 

the task. Participants reported their familiarity on a scale 
from 1 (not at all familiar) to 5 (very familiar), and these 
ratings did not correlate with their scores on the evolution 
comprehension assessment, either when working alone or 
when working together. Familiarity ratings did not correlate 
with changes in scores either, indicating that familiar part-
ners were no more likely to benefit from collaboration than 
unfamiliar partners.

All participants were invited to complete a posttest (for 
an Amazon gift card), but only 44 did so. Those 44 came 
from 36 different dyads. Approximately half were the higher-
scoring partner in their dyad (n  = 25) and half were the 
lower-scoring partner (n  = 19). Details about the posttest 
sample are presented below, in our analysis of long-term 
effects of collaboration.

Materials.  Participants were assessed on their understanding 
of evolution using an instrument developed by Shtulman 
(2006). We chose this assessment because each question is 
designed to differentiate correct, selection-based reasoning 
from incorrect, essentialist reasoning. Other assessments, 
such as those developed by Anderson and colleagues (2002) 
or Rutledge and Warden (2000), measure scientific knowl-
edge of evolution but do not diagnose alternative views of 
evolution. The questions developed by Shtulman (2006) 
have proven successful at distinguishing essentialist views 
from selection-based ones in middle school students (Coley 
et  al. 2017), college biology majors (Shtulman and Calabi 
2013), college students from other majors (Nettle 2010, Sota 
2012, Heddy and Sinatra 2013, Asterhan and Resnick 2020), 
noncollege adults (Shtulman and Schulz 2008), and high 
school biology teachers (Furtak 2012). Its validity has been 
confirmed with professional biologists (Shtulman 2006), 
and its reliability has been confirmed with studies showing 
that students tend to achieve the same score across multiple 
administrations (Heddy and Sinatra 2013), even after having 
taken a full semester of biology (Shtulman and Calabi 2013).

The assessment consisted of six sections, each devoted 
to a different biological phenomenon: inheritance, varia-
tion, adaptation, domestication, speciation, or extinc-
tion. Participants’ understanding of the phenomenon 
was assessed with five questions designed to distinguish 
essentialist and selection-based interpretations, as is 
described in table 1. All questions required a closed-
ended (multiple-choice) response, but many required 
an open-ended (self-generated) response as well. These 
responses were used to determine whether participants 
chose the right multiple-choice option for the wrong 
reason (scored as incorrect) or the wrong option for an 
acceptable reason (scored as correct). The full battery can 
be found in the appendix of Shtulman (2006), along with 
a scoring rubric.

As an illustration, consider this question about par-
ent–offspring inheritance: “Imagine that biologists discover 
a new species of woodpecker that lives in isolation on a 
secluded island. These woodpeckers have, on average, a 
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one-inch beak and their only food source is a tree-dwelling 
insect that lives, on average, one-and-a-half inches under the 
tree bark. Compared to its parents, the offspring of any two 
woodpeckers should develop: (a) a longer beak, (b) a shorter 
beak, or (c) either a longer beak or a shorter beak; neither 
is more likely.” The correct response is (c), because offspring 
vary randomly from their parents, but the lure response is 
(a), based on the idea that offspring inherit the traits they 
need to inherit to survive—traits the species, as a whole, 
acquires as its essence adapts to the changing environment.

Or consider this task designed to probe participants’ 
understanding of within-species variation: “During the 19th 
century, England’s native moth species, Biston betularia, 
evolved darker coloration in response to the pollution pro-
duced by the Industrial Revolution. Imagine that biologists 
gathered a random sample of Biston betularia once every 
25 years from 1800 to 1900. What range of coloration would 
you expect to find at each point in time?” Participants were 
given a five-by-five matrix of moth outlines and instructed 
to shade the moths by selecting a color ranging from white 
to dark gray to reflect how the moths might look at 1800, 
1825, 1850, 1875, and 1900.

The two most common response patterns are depicted in 
figure 1. The pattern on the left depicts a mutation for darker 
coloration spreading through the population over time and 
is consistent with a selection-based view of evolution. The 
pattern on the right depicts a holistic transformation of 
the population, such that variation occurs between genera-
tions but not within generations, and is consistent with an 
essentialist view. The shading patterns were coded by quan-
tifying the amount of variation depicted within and across 
generations. Patterns that depicted more variation across 
generations than within were scored as essentialist, whereas 

patterns that depicted similar amounts of 
variation were scored as selection-based.

Coding.  Participants provided a total 
of 9150 responses: 30 for each of 174 
pretests, 87 dyad tests, and 44 post-
tests. Responses that revealed correct, 
selection-based reasoning were assigned 
1 point; responses that revealed incor-
rect, essentialist reasoning were assigned 
–1 point; and responses too vague to 
be coded one way or the other were 
assigned 0 points. Participants answered 
five questions for each of six sections, so 
their composite scores could range from 
–30 to 30. In actuality, they ranged from 
–20 to 27.

Assessments were scored on a three-
point scale to reflect the conceptual 
distinctions between essentialist and 
selection-based responses. Coding 
essentialist responses as the opposite of 
selection-based ones (as opposed to their 

absence) yields a scoring continuum from pure essential-
ist reasoning to mixed reasoning to pure selection-based 
reasoning and allows us to assess how strongly a participant 
relies on one form of reasoning or the other. This benefit 
comes with a cost, however, in that it obscures the total 
number of correct responses provided. A participant could 
answer half the assessment correctly but still earn a score of 
0 if they provided essentialist responses on the other half. If 
what matters for successful collaboration is that at least one 
collaborator answered the question correctly, then our cod-
ing strategy may underestimate a participant’s collaborative 
potential. For this reason, we coded the data twice: once 
using the trichotomous scheme described above and once 
using the dichotomous scheme of assigning 1 point to every 
selection-based answer and 0 points to all other answers, 
essentialist or ambiguous. Below, we report analyses using 
both coding schemes and found no differences between 
them.

In addition to coding assessment responses, we coded 
conversations that occurred between dyad members as they 
completed the dyad test. Their conversations were audio 
recorded and later transcribed. We reviewed the transcripts 
for evidence that dyad members forged a shared understand-
ing of the task through six communicative activities: propos-
ing an idea, asking a question, offering an explanation, 
expressing agreement with one’s partner, expressing dis-
agreement, and expressing uncertainty. This range of activi-
ties allowed us to assess whether partners were exchanging 
(and constructing) ideas communally or whether one part-
ner was dominating or directing the conversation. The num-
ber of ideas proposed was the clearest indicator of whether 
one partner dominated the conversation, but we also coded 
for expressions of agreement, disagreement, and uncertainty 

Table 1. Correct, selection-based interpretations of the topics on the 
evolution comprehension assessment and incorrect, essentialist ones.
Topic Score Interpretation

Variation + Individual differences are fodder for selection.

– Individual differences are minor and nonadaptive.

Inheritance + Differences between parents and offspring are random and 
unpredictable.

– Differences between parents and offspring are adaptive and 
purposeful.

Adaptation + Adaptation results from differential survival and reproduction.

– Adaptation results from widespread mutations in response to 
need.

Domestication + Species are domesticated by selective breeding.

– Species are domesticated by changing individual organisms.

Speciation + New species emerge when two populations diverge.

– New species emerge when one population transforms into 
another.

Extinction + Extinction is more common than adaptation.

– Adaptation is more common than extinction.

Note: Correct responses received positive scores (+), and incorrect responses received 
negative scores (–).
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to assess how partners reacted to these proposals—whether 
one partner uniformly accepted the other’s proposals or 
whether both partners accepted (and challenged) proposals 
in equal measure. We further coded for questions and expla-
nations to gauge whether partners merely proposed ideas 
or also evaluated and elaborated on those ideas (Callanan 
et al. 1995).

Four coders reviewed the transcripts in pairs, reading 
them from the perspective of a particular dyad member 
and assigning each utterance a code (if applicable). Coders 
were blind to the scoring status of each dyad member, as 
well as the score they achieved together. Although 87 dyads 
were tested, only 73 conversations were recorded because 
of experimenter error or equipment failure. These 73 con-
versations averaged 31 minutes in length and contained an 
average of 3338 words.

Procedure.  The evolution comprehension assessment was 
administered on a computer and took between 30 and 
45 minutes to complete. Participants were tested in pairs 
in a room in the Psychology Department. They completed 
the pretest by themselves, and they completed the dyad test 
together immediately following the pretest. Participants 
were given no instruction on how to coordinate their 
responses; they were simply asked to complete the survey 
as a pair, on a single computer. The posttest was adminis-
tered one semester (i.e., half a year) after the collaboration 
session. Participants completed the same assessment at 
pretest, dyad test, and posttest. Although administering 
the same assessment introduces the risk of practice effects, 
we did not provide participants with feedback, so changes 
in performance from one administration to the next reflect 
the perception that an earlier answer was incorrect rather 
than externally verified knowledge of the correct answer. 
The misconceptions tapped by the assessment are also dif-
ficult to correct, even with direct instruction (Shtulman 
and Calabi 2013).

Results
We analyze the effects of collaboration 
at two timescales: short-term effects, or 
how assessment scores changed from 
pretest to dyad test (completed during 
collaboration), and long-term effects, or 
how assessment scores changed from 
pretest to posttest (completed sev-
eral months after collaboration). With 
respect to the latter, we also explore how 
participants’ scores were influenced by 
their partners’ scores.

Short-term effects of collaboration.  
Comprehension assessment scores prior 
to collaboration (pretest) and during 
collaboration (dyad test) are displayed in 
figure 2. Pretest scores are displayed with 
respect to whether participants were the 

lower-scoring partner in their dyad or the higher-scoring 
partner. Paired samples t-tests reveal that lower-scoring 
partners improved their score from pretest to dyad test 
(t(86) = 11.36, p < .001), whereas higher-scoring partners 
maintained similar scores (t(86) = 1.74, p = .085). The 
same finding was obtained when assessments were scored 
dichotomously (lower scorers, t(86) = 11.08, p < .001; higher 
scorers, t(86) = 1.82, p = .073). These results indicate that 
higher-scoring partners pulled up lower-scoring ones to the 
level of performance the former had demonstrated prior to 
collaboration. This pattern of dyads outscoring the lower-
scoring partner was observed for 75 of the 87 dyads, or 86% 
of the sample.

Scores alone cannot reveal whether partners were truly 
collaborating or whether higher scorers were dictating cor-
rect answers to their lower-scoring partners. We addressed 
this concern in two ways. First, we explored the source of 
correct responses on the dyad test. If higher scorers domi-
nated the conversation or if lower scorers regularly deferred 
to higher scorers, then all questions answered correctly on 
the dyad test should have been answered correctly by the 
higher scorer on the pretest (or by both partners). In real-
ity, nearly a quarter of these questions were not answered 
correctly by the higher scorer; 12% were answered cor-
rectly only by the lower scorer on the pretest, and 12% were 
answered correctly by neither partner on the pretest. Both 
frequencies are significantly greater than 0 (correct by lower 
scorer, t(86) = 11.10, p < .001; correct by neither, t(86) = 
10.80, p < .001), indicating that dyads’ responses were not 
a mere copy of the higher scorers’ responses. Some correct 
ideas were contributed by the lower scorer, and some were 
constructed during the act of collaboration (similar to what 
was observed by Smith et al. 2009).

Second, we explored the dynamics of the collaboration 
in terms of how often dyad members proposed ideas, asked 
questions, provided explanations, and expressed agree-
ment, disagreement, or uncertainty toward their partner. 

Figure 1. A selection-based response pattern (left) and an essentialist response 
pattern (right) on the moth-shading task of the evolution comprehension 
assessment.

1091-1102-biab089.indd   1095 23-09-2021   11:33:13 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/article/71/10/1091/6359265 by O

ccidental C
ollege Library user on 20 O

ctober 2021



Education

1096   BioScience • October 2021 / Vol. 71 No. 10	 https://academic.oup.com/bioscience

If higher scorers dominated the collaboration, we would 
expect them to propose more ideas, provide more explana-
tions, and express more disagreement with their partner. 
Lower scorers, on the other hand, should ask more ques-
tions and express more agreement or uncertainty. None of 
these differences were observed (see table 2). Instead, higher 
scorers and lower scorers contributed equally to the conver-
sation. Partners not only uttered a similar number of words 
(t(72) = 0.78, p = .451) but also articulated a similar number 
of ideas (t(72) = 0.90, p = .370), questions (t(72) = 1.03, 
p = .305), and explanations (t(72) = 0.49, p = .628), and 
expressed a similar amount of agreement (t(72) = 0.60, 
p = .548), disagreement (t(72) = 0.64, p = .526), and uncer-
tainty (t(72) = 0.57, p = .572).

There were, however, conversational asymmetries within 
the dyads, and these asymmetries were predicted by scoring 
differences between partners on the pretest. The greater the 
scoring difference, the more lower scorers asked questions 
relative to higher scorers (r  = .26, p = .028) and the more 
higher scorers provided explanations relative to lower scor-
ers (r = .25, p = .033). All together, these findings confirm 
that dyad conversations were two-sided, while also suggest-
ing that differences in understanding between dyad mem-
bers changed the dynamic of their explanatory activities. 
We shall return to the latter finding, in light of how scoring 
differences on the pretest affected learning gains from pre-
test to posttest.

Long-term effects of collaboration.  A subset of participants 
(n = 44) completed a posttest several months later. Although 
there may have been motivational differences between those 
who opted to complete a posttest and those who did not, 

their pretests revealed no differences in understanding. The 
19 lower-scoring partners who completed a posttest scored 
similarly to the 68 who did not (mean [M] = –7.3 versus 
M = –6.2, t(85) = 0.54, p = .590), and the 25 higher-scoring 
partners who completed a posttest scored similarly to the 62 
who did not (M = 7.1 versus M = 6.3, t(85) = 0.38, p = .705). 
The average delay was 7.6 months (standard deviation 
[SD] = 4.3 months), and the delay for higher-scoring part-
ners was equivalent to the delay for lower-scoring partners 
(M = 6.8 versus M = 8.8, t(42) = 1.13, p = .14).

Comprehension assessment scores for the posttest 
sample are displayed in figure 3. Mean dyad scores for 
lower-scoring partners were not equivalent to those for 
higher-scoring partners, as they are in figure 2, because 
participants in this smaller sample generally came from 
different dyads. Still, the same patterns are apparent: 
dyads scored higher than lower-scoring partners did on 
their own but no higher than higher-scoring partners did.

We analyzed assessment scores for effects of scoring 
status (higher versus lower within a dyad) and assessment 
period (pretest versus dyad test versus posttest). A repeated-
measures ANOVA revealed a significant effect of assess-
ment period (F(2,84) = 5.53, p = .006, ηp

2  = .12) qualified 
by a strong interaction with scoring status (F(2,84) = 11.08, 
p < .001, ηp

2 = .21). Follow-up analyses revealed that lower-
scoring partners achieved higher scores on the posttest than 
on the pretest (t(18) = 4.15, p < .001), but higher-scoring 
partners achieved similar scores (t(24) = 1.45, p = .159). 
Neither group exhibited a change from dyad test to post-
test (lower scorers, t(18) = 1.30, p = .209; higher scorers, 
t(24) = 0.27, p = .792). The interaction between scoring 
status and assessment period held when the assessments 
were scored dichotomously (F(2,84) = 10.80, p < .001, ηp

2 = 
.21), with lower-scoring partners demonstrating significant 
pre-post gains (t(18) = 4.08, p < .001) and higher-scoring 
partners demonstrating neither gains nor losses (t(24) = 
1.75, p = .094). These results suggest that lower-scoring part-
ners increased their understanding of evolution as a result of 
collaboration, whereas higher-scoring partners retained the 
same level of understanding.

Might lower scorers have performed better on the post-
test because they simply memorized the answers provided 
by their higher-scoring partners? Two additional analyses 
suggest not. First, we observed no correlation between how 
much time had passed from pretest to posttest (in days) and 
how many points participants gained from pretest to posttest 
(r = .15, p = .331), whereas a negative correlation would be 
expected if correct responses were recalled verbatim from 
memory, which would have faded with time. Memory for 
episodic details of the collaboration would have been sparse 
for all participants, given that posttests were administered 
several months later.

Second, we observed the same pre-post gains for 
questions that required self-generated descriptions or 
justifications, as is shown in figure 4. These 14 ques-
tions provide a more stringent test of whether lower 

Figure 2. Mean evolution scores on the pretest and the 
dyad test by whether the participants were the lower scorer 
(n = 87) or the higher scorer (n = 87) in their dyad. Error 
bars represent the standard error.
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scorers learned from collaboration, because they had 
to articulate selection-based reasoning to be scored as 
correct. A repeated-measures ANOVA for scores on the 
open-ended questions alone revealed a significant effect 
of assessment period (F(2,84) = 5.65, p = .005, ηp

2 = .12) 
qualified by a strong interaction with scoring status 
(F(2,84) = 13.20, p < .001, ηp

2  = .24). The interaction 
reflects a significant pre-post gain for the lower scorers 
(t(18) = 2.29, p = .034) but no concomitant gain for the 
higher scorers (t(24) = 1.51, p = .144). The same results 
were found when responses were scored dichotomously: 
a marginal effect of assessment period (F(2,84) = 2.76, 
p = .069, ηp

2 = .06) qualified by an interaction with scor-
ing status (F(2,84) = 8.91, p < .001, ηp

2 = .18), with lower 
scorers increasing their score from pretest to posttest 
(t(18) = 2.30, p = .034) but higher scorers earning similar 
scores (t(24) = 0.57, p = .577). These findings indicate 
that lower scorers improved their performance on ques-
tions where they could not simply have memorized the 

correct response option; those options had to be justified 
with appropriate, selection-based reasoning.

The results presented thus far indicate that lower-scoring 
partners benefited from collaborating with a higher-scoring 
partner, but does the nature of the pairing matter? Do lower 
scorers learn more from partners with higher levels of 
understanding? We explored this possibility by comparing 
participants’ pre-post gains to their partner’s pretest score. 
For higher-scoring partners, the two measures were uncor-
related (r = –.10, p = .526), but for lower-scoring partners, 
the two measures were negatively correlated (r = –.66, 
p < .001), indicating that lower-scoring partners made fewer 
gains when collaborating with partners with much higher 
scores. These patterns remained the same when assessments 
were scored dichotomously (lower scorers, r = –.55, p < .001; 
higher scorers, r = –.09, p = .573). It would appear that lower 
scorers learned more from partners with moderately higher 
levels of understanding than from partners with substan-
tially higher levels.

Table 2. Mean conversational patterns of higher and lower scorers, along with correlations between conversational 
asymmetries and pretest asymmetries between higher and lower scorers.
Measure Higher scorer Lower scorer Difference Pretest correlation

Words uttered 1635.8 1702.3 –66.5 .16

Ideas proposed 42.9 41.1 1.8 .12

Questions asked 21.5 23.3 –1.8 –.26*

Explanations offered 38.0 39.0 –1.0 .25*

Expressions of agreement 32.4 31.3 1.2 –.11

Expressions of disagreement 4.0 3.6 0.5 .01

Expressions of uncertainty 14.1 14.6 –0.5 –.15

*p < .05.

Figure 3. Mean evolution scores on the pretest, the dyad 
test, and the posttest for lower scorers (n = 19) and higher 
scorers (n = 25) who completed the posttest. Error bars 
represent the standard error.

Figure 4. Mean scores on just the open-ended questions on 
the pretest, the dyad test, and the posttest for lower scorers 
(n = 19) and higher scorers (n = 25) who completed the 
posttest. Error bars represent the standard error.
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Discussion
Collaboration can be an effective and efficient means of 
devising new hypotheses (Okada and Simon 1997) and 
learning new problem-solving strategies (Schwarz et  al. 
2000), but how effective is collaboration when individuals 
apply distinct reasoning strategies to the task at hand? In the 
present article, we observed students collaborate on tasks 
within the domain of evolutionary biology—a domain in 
which misconceptions are as common as correct concep-
tions, if not more common (Shtulman 2006)—and we found 
that collaborators reasoned more accurately together than 
alone. Partners who employed different reasoning strategies 
on their own were able to discern whose reasoning was more 
accurate when working together. On occasion, partners 
even generated accurate ideas that neither had generated by 
themselves.

Collaboration not only facilitated more accurate respond-
ing, but it also facilitated learning. Individuals who entered 
the collaboration with lower levels of understanding demon-
strated increased understanding at posttest several months 
later. From working alone to working with a partner, lower-
scoring individuals gained an average of 11.2 points on the 
comprehension assessment (SD = 9.2). Those who took the 
posttest retained the majority of those points, scoring an 
average of 9.5 points higher than they had on the pretest 
(SD  = 9.9). Pre-post gains of this magnitude (Cohen’s d  = 
.97) are unusually strong for studies on evolution education, 
which typically document smaller gains (see Legare et  al. 
2018 for a review).

As a point of comparison, consider the findings from 
Shtulman and Calabi (2013), who administered the same 
comprehension assessment to 291 students enrolled in 
one of six university courses on evolutionary biology, 
ranging from introductory courses, such as BIO 102: 
Evolutionary Biology, to advanced courses, such as BIO 
352: Evolution. Prior to instruction, the students earned 
an average score of –8.4 (SD = 11.3). Following instruc-
tion, they earned an average score of –5.6 (SD  = 11.6). 
A full semester of college-level biology proved largely 
ineffective at helping the students understand evolution 
as a selection-based process (Cohen’s d  = 0.24), which 
suggests not only that collaboration may be a particularly 
effective learning experience but also that pre-post gains 
in the present study are unlikely to be an artifact of mul-
tiple testing.

One important difference between our study and the 
study by Shtulman and Calabi is that the students in our 
study received feedback on the assessment by way of 
collaborating with a partner—a partner who occasion-
ally provided different responses to the same questions. 
Still, none of these responses were labeled as correct, and 
students had to decide for themselves which response to 
endorse in cases of disagreement. They did so not by fiat, 
with the higher-scoring partner dictating answers to the 
lower-scoring one, but by engaging in activities that facili-
tated a mutual recognition of accurate reasoning, with both 

partners proposing ideas, asking questions, and providing 
explanations.

These findings complement findings from other areas 
of science education, where students learned more from 
peer collaboration than standard, lecture-based instruc-
tion (Crouch and Mazur 2001, Knight and Wood 2005, 
Smith et al. 2009). When peers are asked to “think, pair, and 
share,” they consistently outperform students who tackle the 
material on their own, both at the moment of collaboration 
(Smith et  al. 2009) and over the full course of instruction 
(Crouch and Mazur 2001). Our results confirm this pattern 
and also extend it, by showing that collaboration is fruitful 
even when partners approach the same question from con-
ceptually distinct viewpoints.

Two trivial explanations for why the lower-scoring part-
ners benefited from collaboration can be ruled out by the 
data. First, it was not the case that higher-scoring partners 
simply told lower-scoring partners the correct answer. 
Analyses of the partners’ conversations show that they were 
two sided, with both partners contributing a similar number 
of ideas, explanations, and questions. Furthermore, nearly a 
quarter of the questions answered correctly on the dyad test 
were not answered correctly by the higher-scoring partner 
on the pretest, indicating that the correct answer was either 
proposed by the lower-scoring partner or was discovered 
through the act of collaboration.

Second, it was not the case that lower scorers improved 
their score from pretest to posttest by simply memorizing 
the responses provided by their partner. Pre-post gains were 
uncorrelated with how much time had passed between col-
laboration and posttest. If lower scorers improved their score 
because they were able to recall their partners’ answers, then 
their performance should have worsened with longer delays. 
More importantly, pre-post gains for lower-scoring partners 
were observed for questions that required a self-generated 
justification or description, where their responses would 
have been scored as incorrect if they were unable to articu-
late a selection-based rationale for making them. A purely 
memory-based explanation is also implausible in light of 
research on refutation-based instruction (Kendeou and Van 
Den Broek 2005, 2007, Lewandowsky et al. 2012). Refutation 
of incorrect ideas succeeds only if students understand the 
refutation; students who do not will revert back to their 
original ideas later on. Because lower scorers provided cor-
rect responses several months after collaboration, it is likely 
they understood why those responses were correct and were 
not simply recalling them verbatim.

Might the pre-post gains be due to information learned 
outside the collaboration? None of the participants who 
completed the posttest were biology majors, and, there-
fore, none were likely to have taken biology courses in the 
intervening months. Posttests also happen to have been 
administered at the beginning of the fall semester, so most of 
the time between pretest and posttest fell over the summer. 
Although participants may have encountered information 
that improved their understanding of evolution independent 
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of the collaboration, there is no reason to think that only 
lower scorers would encounter such information, but only 
lower scorers exhibited pre-post gains. This asymmetry 
implies that participants’ status within the collaboration is 
what determined learning rather than some factor external 
to it.

The finding that higher scorers demonstrated no reliable 
gains in learning confirms previous research indicating 
that partners with lower levels of understanding benefit 
more from collaboration than those with higher levels 
(Murray 1972, Miller and Brownell 1975, Radziszewska 
and Rogoff 1991, Neugebauer et  al. 2016). Dyads did 
sometimes generate more accurate responses than higher-
scoring partners had generated on their own, but higher-
scoring partners showed no evidence of learning from 
this interaction. It’s possible that higher-scoring partners 
learned from the interaction in ways that were not detect-
able by the assessment, such as consolidating ideas that 
were previously fragmented or connecting ideas that were 
previously isolated. It’s also possible that many higher-
scoring partners would have benefited from collaboration 
if they had been partnered with someone who had an 
even higher score than their own. The mean pretest score 
for higher-scoring partners was 6.5 (out of a possible 30), 
and only a quarter answered more than half of the pretest 
questions correctly, suggesting that most could still have 
benefited from collaboration. Whether the benefits of 
collaboration diminish as partners’ collective understand-
ing increases is an open question, particularly when both 
partners appear to have crossed the threshold from rely-
ing on essentialist reasoning to relying on selection-based 
reasoning.

One of the more provocative findings was that lower 
scorers learned more from partners with moderately 
higher scores than from partners with substantially 
higher scores. Those who collaborated with partners 
near the extreme side of the scoring spectrum (30) ben-
efited the least, at least on the posttest. This finding, 
however tentative, may have resulted from communica-
tion errors; the greater the discrepancy between part-
ners’ understanding of the domain, the more likely they 
encountered impasses in communication, and the more 
strained their collaboration may have become. Consider 
the following conversation between a participant who 
earned a pretest score of 19 (P1) and a participant who 
earned a pretest score of 2 (P2) about the woodpecker 
question presented above:

P1.  “Alright, for the first one, I put either a shorter or longer 
beak, because it says ‘compared to its parents,’ and compared 
to its parents, it pretty much has the same beak because it 
has the same genes.”

P2.  “Okay. Hmm. I put longer beak… because… Yeah, they 
have to eventually evolve into the thing, but I can see what 
you are saying about, like, it wouldn’t take one generation.”

P1.  “Well… the next generation would end up with a longer 
beak, but this one particular woodpecker would have the 
same [beak] as its parents, if you understand what I’m say-
ing. The generations would get longer beaks because the 
ones with the shorter beaks will be killed off. [But] no matter 
what, the offspring are gonna have beaks pretty much the 
same as [their] parents.”

P2.  “Okay, I see what you’re saying. Yeah, I guess I just assumed 
that they would interbreed or they would have a woodpecker 
from a different… Okay, I see what you’re saying.”

P2 claims to understand what P1 is saying, but P2’s 
attempts to resolve the discrepancy, by acknowledging that 
“it wouldn’t take one generation” and that birds with differ-
ent beak lengths did not “interbreed,” do not actually address 
P2’s argument that evolutionary change occurs at the level of 
the population, not the individual. This type of impasse may 
be more common between partners with discrepant levels 
of understanding than between partners with similar levels 
of understanding, because the latter may be better able to 
recognize the source of their disagreement and then use that 
recognition as a stepping stone for improving their collective 
understanding.

In support of this possibility, we found that partners with 
greater score differences on the pretest exhibited greater 
asymmetries in how often the lower scorer asked questions 
(relative to the higher scorer) and how often the higher 
scorer provided explanations (relative to the lower scorer). 
Collaboration between partners with grossly different levels 
(or kinds) of understanding may involve too many instances 
in which higher-scoring partners propose ideas that lower-
scoring partners do not understand. Lower-scoring part-
ners then ask for clarification, and higher-scoring partners 
provide explanations, but those explanations may not be 
adequate to bridge the gap in understanding that initiated 
the exchange. Indeed, wide gaps in understanding may be 
the reason lecture-based instruction often proves inferior 
to peer collaboration (Crouch and Mazur 2001, Knight and 
Wood 2005, Smith et al. 2009), if the gap between instructors 
and students yields more communication errors than the 
more modest gaps among students.

Previous research on how domain experts converse with 
domain novices suggests that experts supply novices with 
specialized knowledge, in the moment, by adjusting how 
they label or describe objects of shared attention (Isaacs and 
Clark 1987, Clark and Schaefer 1989). Such studies have 
involved domains in which the difference between novices 
and experts is more quantitative than qualitative, such as 
differences in how much they know about New York City 
landmarks, and it remains an open question how experts 
adjust their discourse patterns when the domain of expertise 
entails conceptual change. Because science learning typically 
involves some form of conceptual change (Vosniadou 1994, 
Shtulman 2017), science instructors could maximize the 
effects of collaboration by pairing students with partners 
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who understand the topic better than they do but not too 
much better. Collaborating with the person who happens to 
be sitting next to you may be helpful, but collaborating with 
a peer matched for moderate differences in understanding 
may be optimal.

There is, however, another interpretation of the find-
ing that lower scorers benefit more from collaborating 
with moderate-knowledge peers, which is that moderate-
knowledge peers may be better at explaining evolutionary 
concepts than high-knowledge peers. In the current study, 
these two factors were confounded: The higher the pretest 
score of the higher-scoring partner, the larger the scoring 
difference between the partners. A more controlled design is 
needed to tease apart the effects of collaborating with a high-
knowledge partner and a partner with higher knowledge. 
Because participants were paired by convenience, as would 
typically happen in a classroom, we did not control for 
absolute levels of understanding, but future research could 
partner participants to create dyads that vary in absolute 
but not relative understanding (by partnering participants 
with the same score difference regardless of where they fall 
on the scoring continuum) and dyads that vary in relative 
but not absolute understanding (by partnering participants 
on opposite sides of the scoring continuum regardless of 
their particular scores). Such research could shed light on 
whether partners’ absolute levels of understanding matter 
more or less than the difference between them.

In conclusion, we found that students who reasoned 
about evolution in conceptually distinct ways were able 
to communicate across this divide and determine which 
partners’ ideas were more accurate. Partners’ made this 
determination without feedback, without instruction, and 
without reference to additional materials. Sharing and 
evaluating different reasoning strategies appeared to be suf-
ficient. Partners who held more accurate views of evolution 
prior to collaborating did not benefit from the collabora-
tion, but neither were they harmed by it. Partners who 
held less accurate views, on the other hand, showed robust 
improvements in understanding, both in the short term and 
in the long term. For these partners, an hour of collabora-
tion yielded greater gains in conceptual understanding than 
typically achieved by a semester (or more) of lecture-based 
instruction (Bishop and Anderson 1990, Demastes et  al. 
1995, Jensen and Finley 1996, Shtulman and Calabi 2013), 
implying that collaboration may be a particularly useful 
tool for facilitating conceptual change. Collaboration forces 
individuals to confront and address their misconceptions 
in ways that direct instruction may not, although future 
research is needed to determine the conditions under which 
collaboration is most productive and whether that produc-
tivity extends to other conceptually complex domains.
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